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INTRODUCTION

The analytical methods validated by the Mineral Resource Surveys Program, Geologic Division, is the
subject of this manual. This edition replaces the methods portion of Open-File Report 90-668 published
in 1990. Newer methods may be used which have been approved by the quality assurance (QA) project
and are on file with the QA coordinator.

This manual is intended primarily for use by laboratory scientists; this manual can also assist laboratory
users to evaluate the data they receive. The analytical methods are written in a step by step approach so
that they may be used as a training tool and provide detailed documentation of the procedures for

quality assurance. A “Catalog of Services” is available for customer (submitter) use with brief listings of:

the element(s)/species determined,
method of determination,
reference to cite,

contact person,

summary of the technique,

and analyte concentration range.

For a copy please contact the Branch office at (303) 236-1800 or fax (303) 236-3200.

BRANCH SAFETY POLICY!

Due to potentially high hazardous work areas, laboratory safety and health is a top priority. All federal,
state, and local regulations concerning worker and community safety are to be strictly followed.
Included in this policy is the propagation and distribution of Chemical Hygiene Plans (CHP) and
Material Safety Data Sheets (MSDS) for every laboratory procedure that involves hazardous or toxic
chemicals. These regulations affect Branch management, personnel, facilities, and activities. If violated,
some of these regulations carry financial and criminal penalties.

! Sutley, 1994
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ANALYTICAL METHOD FORMAT

The written analytical method is to reflect the procedure actually being used in the laboratory. Routine
methods are written in the following standard format:

TITLE—contains the name(s) of the analyte and the measurement method
PRINCIPLE—brief discussion of the scientific basis

INTERFERENCE—sample matrices, or element concentrations, which may cause chemical, physical, or
spectral interferences

SCOPE—the range of analyte concentration and applicable sample matrices for which the method is
useful, and an estimate of time required for analysis

APPARATUS—instruments and special equipment required

REAGENTS—chemical name, chemical symbol, purity, method of preparation, and shelf life if stability
is a problem

SAFETY PRECAUTIONS—hazards peculiar to the method of analysis and handling procedures
PROCEDURE—describes a strict time sequence and the critical steps in the analysis
CALCULATION—equation(s) necessary to calculate the results of the analysis

ASSIGNMENT OF UNCERTAINTY—statistical summary table of the historical analytical results for
selected reference materials, duplicate samples, and method blank. For a detailed discussion please refer
to the Analytical Performance Summary section.

BIBLIOGRAPHY—references to the literature on which the method is based

METHOD VALIDATION

Before any method is approved to generate analytical data under the QA program, the method is
assigned a unique code and must be validated. If a method is provisional, two dashes (--) are entered for
the approval date. Method validation includes:

1. A copy of the analytical method in standard written format

2. Research report of analytical data from testing the proposed method using
reference materials, duplicate samples, and method blanks

3. Quality assurance review
4. Research section review

5. Operations section review

vii



DEFINITION OF TERMS
Limit of Detection

The limit of detection (LOD) must refer to the entire analytical measurement process and is usually
regarded as the lowest concentration level of the analyte that can be determined to be statistically
different from the analytical blank.

According to the American Chemical Society (ACS, 1980) a confidence level of 3 sigma above the
measured average blank is considered minimum since this implies the risk for 7 percent false positives
(concluding the analyte is present when it is absent) and false negatives (the reverse). The 3 sigma value
actually corresponds to a confidence level of about 90 percent as “a 99.6 percent confidence level applies
only for a strictly one-sided Gaussian distribution. At low concentrations, non-Gaussian distributions
are more likely” (International Union of Pure and Applied Chemistry, 1978).

Limit of Quantitation

Ten sigma above the average blank is often suggested for the limit of quantitation (LOQ) or limit of
determination. This is the lower limit for quantitative measurements (as opposed to qualitative
measurements) and at this level the risk of false positives and negatives is decreased.

Lower Reporting Limit

The term “lower reporting limit” is used in this report for concentrations expected to be at or above five
times the standard deviation determined from the method blank or low analyte concentration samples.
Given the varied matrices submitted to the laboratory and diverse data quality needs, method-blank
and reference material results are included in the analytical performance summary table to assist in
appropriate use of laboratory data.

All submitted samples are initially run undiluted unless sample dilutions are required in order to reduce
or eliminate known matrix/interference effects. When an analyte concentration exceeds the calibration
or linear range, the sample is re-analyzed after appropriate dilution. The analyst will use the least
dilution necessary to bring the analyte within range. In both cases, a loss of sensitivity is experienced.

All sample dilutions result in an increase in the lower reporting limit by a factor equal to the dilution.

Assuming independent normally distributed measurements, confidence limits may be assigned from the
mean and standard deviation (based on a relatively large number of observations, or by use of a
significance test). “In order to detect bias equal in magnitude to the standard deviation, one needs at
least 12 degrees of freedom (13 replicates)” (Currie, 1988).

ANALYTICAL PERFORMANCE SUMMARY

A table is included under the Assignment of uncertainty section in each method write-up and provides an
estimate of the analytical method performance. The results of the analytical measurement process are
estimates of general performance only, given the sample matrix and analyte concentration. Outliers are
not rejected unless reasons are known why the results are unacceptable. Calculated results (i.e. percent
recovery) may not appear to match initial numbers due to rounding-off.

The analytical performance summary table is arranged in three sections: (1) reference materials,
(2) duplicates, and (3) method blank results.
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Reference Materials

Reference material (RM) samples are materials having one or more well established or certified
concentrations or physical properties to be used for instrument calibration, method accuracy, or testing.
The RM is used for evaluation of the analytical method bias expressed as percent recovery (% R). An
attempt is made to test methods (if appropriate reference material is available) at the lower, mid-point,
and upper end of the operating range with a number of varied matrices. Solid phase samples are
reported on an as received basis. No corrections are made for moisture content unless noted in the
method.

The first section of the table lists selected reference materials tested and associated results in rows. The
table has column headings as follows:

REFERENCE—sample name of the geochemical reference material
DESCRIPTION—identification of the reference material
n—number of observed measurements or samples in a subgroup

Mean—arithmetic mean. Generally, the result is quoted with all digits which are certain, plus the first
uncertain one. In order to compare some laboratory to proposed values and avoid the loss of
information, whole numbers may not appear rounded-off. Less than symbol, “<” is used for qualified
data below the lower reporting limit

s—standard deviation

pv—proposed value taken from the published reference material compositions of Potts and others
(1992). Where the proposed value has an accompanying upper case letter, the corresponding reference is
in the headnote. According to Potts the tabulated data are distinguished by:

bold typeface indicates precision better than 10 percent relative (two sigma), normally
based on five or more results from two or more independent techniques

certified value from the distributor of reference materials is designated “cv”

plain typeface indicates other compiled data; distinguished by a question mark if there
is additional uncertainty (for example, fewer than 3 reported results, large disparity in
reported results, and/or data derived from only one non-definitive technique)

italic typeface indicates data abstracted from individual schemes of analysis fully
described in the literature

% RSD—percent relative standard deviation

%R—percent recovery

Duplicate Samples

Duplicate samples are a second aliquot of a submitted sample (taken at the time of sample weighing)
selected to evaluate laboratory variance (precision) expressed as percent relative standard deviation (%
RSD). The aliquot is treated the same as the original sample through the analytical process. Duplicate
samples take into account the analyte concentration and matrix of the sample of interest, i.e. samples
submitted by ACSG customers.

The second section of the table deals with duplicate samples. The column headings are as follows:
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k—number of subgroups under consideration

n—2, number of samples in the subgroup
Mean—arithmetic mean for duplicate measurements
s—standard deviation for duplicate measurements
% RSD—relative standard deviation

Concentration Range—the minimum and maximum values reported of unqualified data (data that are
greater than the lower reporting limit)

No. of "'<" (total)—the number of values less than the lower reporting limit

No. of "'<" (pairs)—the number of times the duplicates were both reported as less than values

Method Blank

A method blank contains deionized water or other solutions processed through the entire analytical
method with submitted samples. It is used as an indicator of possible contamination due to reagents or
apparatus and sensitivity of the analytical method. The variability (standard deviation) of the method
blank can be used for estimating the lower limits of detection or determination. Pure solutions, however,
assume no matrix effects and tend to be normally distributed. In reality, matrix effects occur even in
methods considered to be relatively free from interferences.

The last section of the table lists the results for the method blank. The column headings are as follows:
n—number of observed measurements on completely independently prepared blanks
Mean—arithmetic mean

s—standard deviation

3s—three times the standard deviation (limit of detection)

5s—five times the standard deviation (lower reporting limit)
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Rock sample preparation

By CIiff D. Taylor and Peter M. Theodorakos

Code: Q010 Accepted: 6/25/90
Revised: 11/18/93

Principle

Most samples of naturally occurring material require some kind of physical preparation
prior to chemical analysis. Samples require preparation to effect one or more of the
following: (1) reduce the sample to a size that is more conveniently transported; (2)
increase the sample surface area to enhance the efficiency of subsequent chemical attack;
(3) homogenize the sample to ensure that a subsample is representative of the entire
sample; and (4) separate the sample into components based on mineralogy, grain size, or
physical and morphological criteria. Sample preparation is an important step in the
analytical process. Without careful preparation, and attention to inter-sample
contamination, the worth of the subsequent analyses is significantly diminished.

Rock samples are reduced to }2-cm fragments in a jaw crusher. The crushed sample is split,
if necessary, and fed into an operating and properly adjusted Braun vertical pulverizer
equipped with ceramic plates. The sample is pulverized to approximately minus 100-mesh
(<150 pm) and mixed to insure homogeneity for subsequent analysis. Mineral samples
with distinctive cleavage planes (i.e. mica flakes) can present a problem in pulverizing due
to the crystal structure of the sample. In some methods where the quality of pulverization
is critical in obtaining accurate results, shatterboxing the sample is required. The sample is
placed in either a ceramic or agate shatterbox and ground until 100 percent passes a 100-
mesh screen.

Scope

Approximately 50 samples can be processed per day.

Apparatus

Sample cartons, 3-0z (178" x 2% ")

Large sample funnel, plastic

Compressed-air source, dry air, 40 psi

Core splitter, if available

Rock hammer

Flexible hand pad, 6" x 4" x 1" (15 cm x 10 cm x 2.5 cm)

Steel plate, approximately 8" x 8" x 1" (20 cm x 20 cm x 2.5 cm)
“Chipmunk” jaw crusher

Knife

Brush, automotive parts cleaning, stiff bristle

Brush, wire

Vertical pulverizer with ceramic plates, catch pan, and cover plate
Silicon carbide, approximately 60- to 80-mesh (250 pm to 180 pm)
Jones splitter, with 14" riffles (1.25 cm)

Tube-type revolving mixer, with tube diameter to accommodate sample cartons



e Rectangular aluminum pans to fit under Jones splitter, to serve as catch pans for the
crusher, and to hold the samples during various stages of processing
Grease gun for lubricating equipment
Kimwipes or paper towels
Assortment of tools for equipment maintenance

Safety precautions

Eye and ear protection and a dust mask must be worn and it is recommended that a lab
coat be worn. Caution must be exercised in operating the equipment, particularly the jaw
crusher and the Braun pulverizer, which have the potential of inflicting serious injury if
not properly and carefully used. Keep your hands, hair, and clothing away from any
moving machinery parts. Remove all jewelry before you begin work. Belts on equipment
must be guarded to prevent catching clothing, hands, hair, etc. Power should be turned off
prior to dislodging any jammed material from the equipment with a push stick. Power
should likewise be turned off prior to making adjustments to the equipment, except when
adjusting the grinding plates of the pulverizer. Rock particles and fragments ejected from
the crusher and grinder can cause injury, operate grinder behind safety shield.
Compressed air, used to clean the equipment and work area, presents a safety hazard,
especially to the eyes. Particles of debris propelled by the high velocity air stream present
an additional hazard. The compressed-air stream should never be directed toward the
face. A fan or hood exhaust should be used to vent dust. See the CHP for further
information.

Preliminary procedure

Check the Request for Analysis form (RFA) for notes on mineralogy of samples, requests
for preparation that vary from standard procedure, and disposition of excess sample.

Verify that the number of samples received and the field numbers on the sample
collection/ transport bags correspond to the number of samples and field numbers listed
on the RFA. If they do not correspond, contact Sample Control.

Properly label the correct number of sample cartons with the laboratory number assigned
to each sample. Label both the container tops and sides using permanent ink markers, or
premade labels. Affix premade labels to the tops and side of the cartons with clean
transparent tape.

Place the labeled sample containers in a cardboard tray labeled with the required
information: (1) assigned job number, (2) submitter's last name, and (3) number of
samples in the job.

Procedure

Check to see sample-size of chips produced by jaw crusher is adequate. If not, adjustments
to the jaw crusher are made by varying the number of metal shims inserted behind the
stationary jaw plate. Increasing the number of shims reduces the crushed rock fragment
size. The spacing between the sides of the movable jaw and the cheek plates can also be
varied with metal shims inserted between the cheek plates and the body of the crusher.



Open the sample bag and place the sample into a loaf pan in preparation for crushing and
splitting. Using a core splitter or a rock hammer and steel plate, break all large pieces
down to approximately 22" x 2", a size that readily fits into the crusher. Clean the core
splitter, hammer, and plate with a wire brush and compressed air prior to use and
between samples.

Place a second loaf pan under the jaws of the crusher to catch the crushed sample and
begin feeding the sample into the jaws. Do not overload the jaws. Overloading may cause
the crusher to bind. Hold the 6" x 4" x 14" hand pad over the mouth of the crusher to
prevent rock chips from flying out of the jaws. Crush the entire sample, using more than
one loaf pan if necessary.

Turn the power to the crusher off and thoroughly clean the crusher mouth, jaws, and
cheek plates by alternately scrubbing the components with the parts brush and blowing
away dust and fragments with compressed air. Lodged rock fragments and buildup of
powdered rock material can be removed with a long, thin steel knife blade.

When extreme cleanliness is required to avoid low-level contamination or when ore-grade
samples are being prepared, a small quantity of quartzite gravel should be crushed before
crushing each sample to clean the apparatus. If such a cleaning gravel is not available, a
small amount of the next sample to be prepared should be crushed and discarded with the
Jaw crusher scrubbed out prior to preparing the whole sample.

When necessary, split the entire crushed sample by distributing it evenly into a Jones
splitter to obtain a representative split of sufficient size to fill the sample carton. Save or
discard the remainder of the sample, whichever is noted on the RFA. It is suggested that
the bulk material be saved until after all the samples have been pulverized. In the event of
sample loss during pulverizing, additional sample is then available. Clean the splitter and
splitter pans with compressed air prior to splitting the next sample. Use the knife to
dislodge fragments caught in the riffles of the splitter.

Turn on the Braun pulverizer and check the adjustment of the ceramic grinding plates.
Plate adjustment is checked visually with the aluminum catch pan removed and by sound.
The rotating lower plate should be evenly contacting the stationary upper plate and there
should be a slight “skipping” sound. Adjusting the plates closer than this without any
sample material present can cause the plates to chatter and bind. If the chattering becomes
severe enough, the plates can crack or shatter, rendering them useless.

Adjust the plates by holding the threaded adjustment shaft, at the top of the pulverizer,
stationary with a 12" crescent wrench and loosening the two lower adjustment nuts. The
upper adjustment nut is then slowly turned to raise the shaft. This brings the lower
revolving plate closer to the stationary upper plate; the closer the spacing between plates,
the finer the size of the ground sample. When the desired spacing is achieved, the lower
nuts are screwed tight against the lower side of the topmost, fork-shaped, pulverizer
frame piece, locking the adjustment shaft in place. Proper adjustment of the plates is
verified by pulverizing several ounces of quartz sand. Sieve the ground material through a
series of mesh sizes, bracketing the desired particle size. With experience, the operator can
quickly determine the suitability of a grind by visually examining, and by feel of, the
ground sample.



Proper adjustment of the ceramic plates extends the useful lifetime of the plates. Even a
small improper adjustment of the plates results in uneven plate wear and/or grooves and
ridges forming on the plate surfaces. This has obvious implications on grinding efficiency
and quality. Minor plate imperfections can be removed by running several ounces of
silicon carbide through the operating pulverizer, and with great care, slowly closing the
gap between the plates while the carbide is being ground. The process is repeated with the
now-used portion of carbide until the desired even spacing and skipping sound of the
plates is achieved. Test the adjustment by pulverizing a small amount of quartz sand and
check the result as described above.

Caution: The plates can be over-adjusted; plates that are run too close together can easily
bind, chip and crack. The used carbide is probably still suitable for at least one more use
and should thus be saved in a cardboard container marked “Used SiC”. The adjustment
procedure is the most critical step in consistently producing acceptably prepared samples.
It is also the most difficult step to perform. With increasing experience, the degree of
difficulty diminishes.

Carefully place the catch pan under the plates of the running pulverizer, lift and rotate the
pan until the two teeth on the upper lip of the pan are firmly engaged in the slots of the
hopper. Clean the pulverizer by passing several ounces of approximately 20-mesh quartz
sand through the pulverizer. Examine the ground sand for adequate fineness and adjust
plates, if necessary, as described above. Discard the sand and thoroughly blow out any
excess sand and dust from the pulverizer and pan with compressed air. Replace the catch
pan.

Pour the crushed rock from the sample carton into the hopper and place the removable
cover plate over the hopper to prevent the sample from flying out of the pulverizer. Keep
the catch pan in place until all of the sample is ground, which is readily determined by
sound.

Place a mixing card into the sample carton which held the crushed sample and place the
powder funnel over the top of the carton. Carefully remove the catch pan containing the
completely pulverized sample from the pulverizer by turning the pan in the opposite
direction used in placing the pan, and lowering the pan below and away from the
revolving plate (and the plate lock nut located below the plate). Examine the fineness and
thoroughness of grind. The sample is considered acceptable if 100 percent passes an 80-
mesh screen (<180 um) and at least 80 percent passes a 100-mesh screen (<150 pm). Pour
the prepared sample from the pan through the funnel into the carton. Fill the carton 2/3to %4
full. Discard or save excess sample according to the submitter's request. If the quality of
the grind is not acceptable, the sample should be reground. If this fails to improve the
quality, the plates likely need adjusting and/or smoothing, as described above.

Thoroughly clean the pulverizer and catch pan using compressed air. Remount the catch
pan on the pulverizer and grind about 1 0z of quartz sand to further clean the plates of the
residue from the previously prepared sample. Remove the pan, discard the sand and again
thoroughly blow remaining dust and particles from the pan and pulverizer with
compressed air. When some “sticky”, fibrous, micaceous, or ore-grade samples are
prepared, the cleaning process should be repeated two or more times until no visible
traces of the sample remain in the pulverized sand.



Pulverize the remaining samples in the same manner.

Secure the lids of the sample-bearing containers with tape if the lids are not snug and place
the containers into the tube-type mixer. Turn on the mixer and allow the samples to mix
for 15 min. Mix all of the samples in the same way.

This completes the preparation process. Clean the work area and return the completed job
to sample control.

Equipment maintenance

All mechanical equipment should be lubricated at least once each week, or more often as
may be required by heavy use. Use a grease gun containing metal-free grease (i.e. free of
elements of interest in analysis) and make certain the lubricant is injected into all of the
grease fittings. Do not over-lubricate and wipe excess grease from the fittings with a
Kimwipe or paper towel.

Check and make sure all nuts and bolts are securely tightened, prior to turning on any
equipment. Check moving parts, including crusher and pulverizer belts, crusher jaws and
arms, grinding plates, and pulverizer bushing for wear. Replace worn parts.



Stream-sediment sample preparation

By Thomas R. Peacock, Cliff D. Taylor, and Peter M. Theodorakos

Code: Q020 Accepted: 6/25/90
Revised: 11/18/93

Principle

Most samples of naturally occurring material require some kind of physical preparation
prior to chemical analysis. Samples require preparation to effect one or more of the
following: (1) reduce the sample to a size that is more conveniently transported;

(2) increase the sample surface area to enhance the efficiency of subsequent chemical
attack; (3) homogenize the sample to ensure that a subsample is representative of the
entire sample; and (4) separate the sample into components based on mineralogy, grain
size, or other physical and morphological criteria. Sample preparation is an important step
in the analytical process. Without careful preparation, and attention to inter-sample
contamination, the worth of the subsequent analyses is significantly diminished.

The dry stream-sediment samples are disaggregated by hand, as necessary, and as much
organic material as possible is removed. The samples are sieved to pass an 80-mesh screen
(<180 um) or the particle size specified on the RFA. The sieved fraction is generally ground
in a mechanical pulverizer, placed in a 3-0z container and mixed to ensure homogeneity.

Scope
Approximately 50 samples can be processed per day.

Apparatus and materials

Ro-Tap table top-mounted sieve shaker

Sieves with stainless steel screens, with pans and cover
Sample cartons, 3-0z

Sieve brush

Large sample funnel, plastic

Compressed-air source, 40 psi

Braun vertical pulverizer with ceramic plates
Jones splitter with catch pans

Grease gun for lubricating equipment
Kimwipes or paper towels

Assortment of tools for equipment maintenance



Safety precautions

Eye and ear protection and a dust mask must be worn and it is recommended that a lab
coat be worn. Caution must be exercised in operating equipment, particularly the Braun
pulverizer, which has the potential of inflicting serious injury if not properly, and carefully
used. Belts on equipment must be guarded and power should be turned off prior to
dislodging any jammed material from the equipment with a push stick. Keep hands, hair,
and clothing away from any moving machinery parts. Remove all jewelry before you begin
work. Compressed air, used to clean the sieves and equipment, presents a safety hazard,
especially to the eyes. The compressed-air stream should never be directed toward the
face. A fan or exhaust hood should be used to vent dust. See the CHP for further
information.

Preliminary procedure

Check the Request for Analysis form (RFA) for notes on mineralogy of samples, requests
for preparation that varies from standard procedure, and disposition of excess sample.

Verify that the number of samples received and the field numbers on the sample
collection/transport bags correspond to the number of samples and field numbers listed
on the RFA. If they do not correspond, contact Sample Control.

Properly label the correct number of sample cartons with the laboratory number assigned
to each sample. Label both the container tops and sides using permanent ink-markers, or
premade labels. Affix premade labels to the tops and sides of the cartons with clean
transparent tape.

Place the labeled sample containers in a cardboard tray labeled with the required
information: (1) assigned job number, (2) submitter's last name, and (3) number of samples
in the job.

If the samples are wet or damp, place them in a drying oven and dry at 60°C until they are
thoroughly dry.

Procedure

Disaggregate the samples, if necessary, by pounding the sample bag with a hammer or
mallet on a contaminate free surface that is cleaned between samples.

Arrange five sieves of the specified mesh size on a counter top, placing a sieve pan under
the sieve at the bottom of the stack, and sieve separator pans under the other four. If a
series of sized fractions of the samples is requested, the sieves are stacked with the largest
mesh sieve at the top and progressively smaller mesh sizes to the bottom. The sieve of
smallest mesh size is placed at the bottom.



Open the sample bags and pour five samples into the sieves in a sequential order. Remove
as much organic material, larger pebbles, and rock fragments as possible, and further
disaggregate any small clumps, still present, by hand. The sieves should not be overfilled,
but loaded loosely enough so that the material can move freely in them. Samples of large
volume should be divided among as many sieves as needed or, if they contain abundant
fine material, split with a Jones splitter to a volume that can be suitably placed in one
sieve. Excess sample should be saved or discarded, whichever is noted on the RFA.

Place a sieve cover on the sequentially arranged stack of sieves. Place the heavy metal Ro-
Tap cover over the top of the stack and lift the stack into the frame of the Ro-Tap. Adjust
the Ro-Tap for the height of the stack by loosening the friction lock bolts on either side of
the base plate and sliding the stack up or down on the vertical rails as needed. The stack is
positioned correctly when the metal cover plate is up against the metal tongs of the top
bracket. Flip down the front half of the hinged top bracket and make sure the automatic
hammer is in the down position.

Turn on the Ro-Tap sieve shaker and run long enough to allow thorough sieving of the
samples. The length of time required depends on sample composition, average grain size,
sieve mesh size, and the volume of sample in the sieve. Sieving the samples for 3 minutes
is generally adequate.

During the interval that the sieve shaker is running, clean a second set of five sieves in
preparation for loading with the next five samples. The sieves should be thoroughly
brushed on both sides of the screen with a sieve brush. All particles should be blown from
the sieves with compressed air. If the sieves become particularly dirty, or if the grains
become trapped in the screens, they can be placed in an ultrasonic bath for more vigorous
cleaning.

When sieving is complete and the sieve shaker has been turned off, remove the stack of
sieves. Each sample should be removed from the stack in proper sequence. The coarse
fraction of each sample is saved in the sample submittal bag or discarded, whichever is
noted on the RFA. The fine fraction of each sample is poured into its corresponding,
appropriately labeled, sample carton using a large plastic sample funnel. Care must be
taken to maintain the proper order in which the samples were placed into the shaker. As
added assurance for maintaining correct sample identity, a small piece of paper with the
sample's laboratory number written on it may be placed in the sieve with the sample prior
to stacking the sieves.

After the samples have been sieved, they must ordinarily be pulverized to the grain size
required for the chemical analysis, and then mixed in a tube-type mixing machine. The
sample is considered acceptable if 100 percent passes an 80-mesh screen (<180 pm) and at
least 80 percent passes a 100-mesh screen (<150 um). Refer to the section of this manual
entitled Physical preparation of rock samples for the details regarding the pulverizing and
mixing procedure. The nature and small grain size of the sediment samples facilitates
pulverizing and pulverizer cleanup. Pour each pulverized sample back into its carton from
the pulverizer catch pan with the aid of the sample funnel. Blow away remaining particles
from the pulverizer, pan, and counter top. Run approximately 1 oz of quartz sand through
the pulverizer, discard the pulverized sand, and again blow away remaining particles. The
equipment should now be suitably clean for introduction of the next sample.



Equipment maintenance

All mechanical equipment should be lubricated at least once each week or every 250
samples. Use a grease gun containing metal-free grease (i.e. free of elements of interest in
analysis) and make certain the lubricant is injected into all of the grease fittings. Do not
over-lubricate and wipe excess grease from the fittings with a Kimwipe or paper towel.

Check and make sure all nuts and bolts are securely tightened, prior to turning on any
equipment. Check moving parts, including pulverizer belt and grinding plates, for wear.
Replace worn parts.
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Soil sample preparation

By Thomas R. Peacock

Code: Q030 Accepted: 6/25/90
Revised: 3/10/93

Principle

Most samples of naturally occurring material require some kind of physical preparation
prior to chemical analysis. Samples require preparation to effect one or more of the
following: (1) reduce the sample to a size that is more conveniently transported;

(2) increase the sample surface area to enhance the efficiency of subsequent chemical
attack; (3) homogenize the sample to ensure that a subsample is representative of the
entire sample; and (4) separate the sample into components based on mineralogy, grain
size, or physical and morphological criteria. Sample preparation is an important step in the
analytical process. Without careful preparation, and attention to inter-sample
contamination, the worth of the subsequent analyses is significantly diminished.

The dry soil sample is disaggregated, if necessary, in the mechanical, ceramic mortar and
pestle (soil grinder). The sample is sieved to the required grain size of 100 percent minus
80-mesh (<180 um) and at least 80 percent minus 100-mesh (<150 pm) using sieves with
stainless-steel screens. The sieved fraction is pulverized if further reduction in grain size is
required by the subsequent chemical analysis.

Scope

Fifty samples can normally be processed per person day.

Apparatus

Drying oven

Nalgene (or similar) trays for air-drying samples
Aluminum trays for oven-drying samples

Soil grinder, Nasco-Asplin

Stainless-steel sieves, with catch pans and lids
Sieve brush

Ro-Tap sieve shaker

Large plastic powder funnel

Shatter-box, Angstrom or Spex, for pulverizing samples
Braun vertical pulverizer with ceramic plates
Sample cartons, 1-0z through 1-pt

Compressed air source, 40 psi

Grease gun packed with metal-free grease
Kimwipes or paper towels

Quartz sand

Reagents
e Acetone, C3HgO, laboratory grade
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Safety precautions

Eye and ear protection and a dust mask must be worn at all times; it is recommended that
a lab coat be worn. Caution must be exercised by the technician while operating grinding
equipment. Belts on equipment must be guarded. Keep hands, hair, and clothing away
from any moving machinery parts. Remove all jewelry before you begin work.
Compressed air (40 psi), used to clean sieves and grinding equipment, presents a safety
hazard, particularly to the eyes. A fan or exhaust hood should be used to vent excessive
dust. The compressed air stream should never be directed toward the face.

Acetone, used to clean the soil grinder, is extremely flammable, and should be handled
accordingly, being kept away from sources of ignition. Avoid breathing acetone fumes by
wearing an appropriate respirator and having adequate ventilation. Avoid repeated or
prolonged skin contact with acetone. Treatment for acetone exposure is to irrigate eyes
with water, wash contaminated areas of body with soap and water, gastric lavage if
ingested, followed by saline. See the CHP and MSDS for further information.

Preliminary procedure

Check the Request for Analysis form (RFA) for notes on mineralogy of samples, requests

for preparation that varies from standard procedure, and disposition of excess sample
(bulk).

Verify that the number of samples received and the field numbers on the sample
collection/transport bags correspond to the number of samples and field numbers listed
on the RFA. If they do not correspond, contact Sample Control.

Properly label the correct number of sample cartons with the laboratory number assigned
to each sample. Label both the container tops and sides using permanent ink-markers, or
premade labels. Affix premade labels to the tops and sides of the cartons with clean
transparent tape.

Place the labeled sample containers in a cardboard tray labeled with the required
information: (1) assigned job number, (2) submitter's last name, and (3) number of
samples in the job.

Procedure

Damp samples are dried overnight in a forced-air drying oven in their original containers
or on the nalgene trays upon which they have been spread. To insure proper sample
identity is maintained, place the sample bag on the tray with the sample and weight it
down with some of the sample. Generally no heat is required, the flow of air in the oven
being sufficient to dry the sample. Drying of wet samples is facilitated by setting the oven
temperature to 30°C.

If the samples contain aggregates of material following drying they should be
disaggregated in the soil grinder.
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Remove pebbles and larger rock fragments from the sample by hand. The presence of large
pebbles and fragments impedes the operation of the soil grinder and may damage it. Fill
the bowl of the soil grinder about halfway. Start the auger and lower it gently onto the
sample. If additional fragments or pebbles are revealed, raise the auger well out of the way
and turn it off before removing them. When the maximum downward travel of the auger
has been reached, maintain this position approximately 30 s, then raise the lever and turn
the auger off.

Turn on the switch that activates the chain-driven sieve shaker. Pour the sample slowly
onto the 10-mesh screen (2.0 mm). Pour the minus 10-mesh fraction, that is the material
that passes through the screen, into the previously labeled sample cartons using a large
sample funnel. If there is too much material for the sample carton, split the sample using a
Jones Splitter to obtain a split of the sample in an amount to fill the sample carton. Discard
the plus 10-mesh fraction, which rolls off into a hopper near the base of the grinder, unless
otherwise instructed by the sample submitter. Repeat the soil-grinding process with the
remainder, if any, of the sample.

Clean the grinder using a stiff bristle brush and compressed air to rid the sieve screen and
the grinder of all dust and soil particles. Wipe the auger bit and bowl with a paper towel
or large Kimwipe dampened with acetone.

Caution: Acetone is flammable. Used towels/Kimwipes should be disposed of in fire-
proof containers. Plastic or rubber gloves should be worn if working with acetone.

If sieving to a finer grain size is required, pour the sample onto the screen of the proper-
sized, clean sieve, with the catch pan of the sieve in place, cover with the lid, and agitate,
either by hand or in a Ro-Tap Sieve Shaker, for approximately 2 to 3 min or until no more
appreciable gain of finer grained material is realized. Pour the fine fraction from the catch
pan into the pre-labeled sample carton using a large, plastic powder funnel. Dispose of the
coarse fraction unless otherwise instructed by the submitter. Clean both sides of the sieve
screen with a sieve brush and compressed air. Clean the catch pan with an acetone-
moistened Kimwipe.

If pulverizing of the sieved sample is required, use the shatter-box to pulverize the sample
to 100-mesh (<150 um) or less or the Braun Pulverizer to grind the sample to
approximately 100-mesh.

Pour the sample into the grinding chamber of the shatter-box with the agate puck (and
ring, on the Angstrom model) in place in the chamber. Fill the chamber about halfway.
Clamp the chamber into place and start the machine. Normal soil grinding to 100-mesh or
less is accomplished in approximately 1 to 3 min. Suitability of grind is verified by sieving
the sample through a 100-mesh sieve.

Transfer the ground sample to the prelabeled sample carton.

Clean the shatter-box by running quartz sand through it in the same manner as a sample.
Use compressed air to rid the chamber of dust and particles and then wipe down with
acetone.
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For sieved samples that require grinding to only an approximate 100-mesh grain size, pour
the sample into a running Braun pulverizer, with previously adjusted, and conditioned
grinding plates (see section Rock sample preparation for procedure on setting up and
operating the pulverizer), with the catch pan in place. Usually, one pass of the soil sample
through a properly adjusted pulverizer is adequate. Transfer the ground sample to the
previously labeled sample carton. Clean the pulverizer by running approximately

1 tablespoon of sand through it, in the same manner as a sample. Use compressed air to
rid the pulverizer of remaining dust and particles.

Equipment maintenance

Lubricate all mechanical equipment at least once each week, or every 250 samples. Use a
grease gun containing metal-free grease (i.e. free of elements of interest in analysis) and
make certain the lubricant is injected into all of the grease fittings. Do not over-lubricate.
Wipe excess grease from the fittings with a Kimwipe or paper towel.

Make sure all nuts and bolts are securely tightened prior to turning on any equipment.
Check moving parts, including pulverizer belt and grinding plates, for wear. Replace worn
parts.
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Heavy-mineral concentrate preparation by heavy liquid
and magnetic separation

By Cliff D. Taylor and Peter M. Theodorakos

Code: Q040 Accepted: 6/25/90
Revised: 11/18/93

Principle

Most samples of naturally occurring material require some kind of physical preparation
prior to chemical analysis. Samples require preparation to effect one or more of the
following: (1) reduce sample to a size that is more conveniently transported; (2) increase
the sample surface area to enhance the efficiency of subsequent chemical attack; (3)
homogenize the sample to ensure that a subsample is representative of the entire sample;
and (4) separate the sample into components based on mineralogy, grain size, or other
physical and morphological criteria. Sample preparation is an important step in the
analytical process. Without careful preparation, and attention to inter-sample
contamination, the worth of the subsequent analyses is significantly diminished.

The heavy-mineral concentrates, prepared in the field by panning, are dried and sieved
through a 35-mesh screen. The minus 35-mesh (<425 um) fraction is separated into heavy
and light fractions using bromoform, specific gravity 2.8. The heavy fraction (specific
gravity >2.8) is further separated magnetically, using a Frantz Isodynamic Separator, into a
highly magnetic (ferromagnetic) fraction, a weakly magnetic fraction (paramagnetic), and
a nonmagnetic fraction. Depending on the amount of material available, the heavy,
nonmagnetic fraction is normally divided into an analytical split and a split used for
mineralogical identification by the submitter. The analytical split is pulverized using an
agate mortar and pestle after which it is ready for analysis.

Scope
Approximately 50 samples can be prepared per day.

Apparatus

Sieve, with stainless steel screen and pan, 35-mesh
Sieve brush

Source of compressed air, 40 psi, hose and nozzle
5-ring stands

5, 1-L separatory funnels

100-mL glass stoppered graduated cylinder

7, 18.5-cm plastic funnels

2 or 3 large holding bottles

2, 1-L plastic wash bottles

100, 250-mL beakers

100, 18.5-cm, fast-flow, qualitative filter papers

4 or 5, 40-cm, fast-flow, qualitative filter papers
Stirring rod, glass or Teflon

Frantz Isodynamic Separator

Approximately 9" square, mylar-covered plate
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Static-eliminating sample brush

Cleaning brush

Microsplitter with 1/#' riffles, and sample boats
Sample cartons, 3-0z

Plastic poly vial, 1-0z

Agate mortar and pestle

Reagents
e Acetone, C3HsO
e Bromoform, CHBrj3 (tribromomethane), specific gravity 2.89 at 20°C
¢  Quartz sand

Safety precautions

Bromoform presents a potentially severe health risk. The heavy liquid separation step
must be conducted in a fume hood. Personnel are to be familiar with the properties of
bromoform, be able to recognize symptoms of exposure, and be aware of the possible
health effects of overexposure. See the CHP and MSDS for further information.

The heavy liquid bromoform, CHBrj, is a colorless liquid with a sweet, “heavy” odor
similar to chloroform. Pure bromoform has a specific gravity of 2.89 at 20°C. Because of its
instability, chloroform and ethanol are added to it in minor amounts as preservatives,
lowering the specific gravity of the bromoform to 2.85 through 2.88. Bromoform is
completely miscible in acetone, alcohol, and benzene. In this procedure, acetone is used
exclusively as the diluent. Although sufficient research has not been conducted to
determine its long-term effects on the human body, bromoform is a suspected carcinogen.
It is thought to be cumulative in the fatty tissue of body organs. Repeated exposure can
result in damage to the liver, kidneys, heart, and lungs. The adverse physiological effects
of smoking or alcohol consumption are enhanced by exposure to bromoform, and vice
versa. Never engage in these activities immediately prior to, during, or immediately after
conducting the heavy liquid separation procedure.

Bromoform has a permissible exposure limit, set by OSHA (Occupational Safety and
Health Administration), of 0.5 ppm in air per 8-hour day. It can be inhaled, ingested, and
absorbed through the eyes and skin. Bromoform causes irritation of the eyes, nose, and
throat, tearing, headaches, excessive saliva flow, nausea, reddening of the face, dizziness,
drowsiness, or a state of apparent inebriation. With prolonged exposure, it can cause deep
narcosis and death. A lethal dose is 2 to 4 oz for a 150-pound man. Review the MSDS for
further information.

Protective equipment should be worn in a manner indicated by the manufacturer and
should include a lab coat or rubber apron, rubber gloves, protective eyewear, and a
respirator with suitable organic vapor filters and, preferably, a full face mask. All of the
safety equipment should be worn at all times when working with bromoform. If the odor
of bromoform is detected in the air, its threshold limit for an 8-hour day may already have
been reached. A person subjected to the odor of bromoform may become sensitized to the
point where he or she may not be aware of increased exposure until more unpleasant side
effects occur.
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First-aid treatment for exposure to bromoform involves removing the victim to fresh air
and administering artificial respiration and oxygen if needed. Get medical assistance
immediately. For skin contact, flush thoroughly with water and wash with soap, as
bromoform is absorbed by skin oils. Remove contaminated clothing immediately and
wash before reuse.

Acetone presents a two-fold hazard. It is a highly flammable and reactive liquid. It should
be kept away from possible sources of combustion and noncompatible chemicals, such as
strong oxidizers. The accumulation of acetone vapors in air is potentially explosive.
Acetone also poses the physiological hazards common to organic ketones. Using the
above-described precautionary measures for bromoform when working with acetone,
insures the well being of the person conducting the procedure.

Safety glasses should be worn when cleaning apparatus with compressed air. The
compressed air stream should never be directed toward the face.

Preliminary procedure

Carefully read the request for analysis form (RFA) for any special instructions and make
sure any such instructions are understood. Label the 3-0z sample cartons, polycons, and
sample trays with the information required by Sample Control. Examine all glassware for
cleanliness, especially for traces of mineral grains, and clean if necessary. It is
recommended that an adequate supply of filter papers be folded for the day's use.

Procedure
Sieving the Sample

Dry the submitted panned-concentrate, if necessary, by placing it in a drying oven at
60°C for the time required. Caution must be used for samples submitted in plastic
bags or containers to prevent accidental meltdown.

Prior to handling the samples, remove all jewelry (rings, watches, etc.) to minimize
possible contamination. Sieve the dry concentrate through a 35-mesh screen. Remove
larger pebbles and fragments (>0.5") by hand to prevent possible damage to the
screen.

Transfer the minus 35-mesh fraction to the appropriately labeled (laboratory ID
number) cardboard container. Discard the plus 35-mesh fraction unless otherwise
requested. Split large sieved samples with a Jones Splitter to a size required to fill the
3-0z container, discard or save the rest (in a second 3-0z container) as requested.

Thoroughly clean the sieve of all dust, grains, and chips using a sieve brush and
compressed air between the sieving of each sample.
Heavy liquid separation

The separation must be performed in a fume hood. Pour approximately 250 mL of
bromoform into a 1-L separator funnel. More bromoform may be required for large
samples, e.g., full 3-0z sample cartons.
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With a glass stirring rod, stir the bromoform until a vortex forms and while still
stirring, slowly introduce the sample into the vortex and continue stirring for 10
seconds after the entire sample is in the bromoform.

Rinse all mineral grains adhering to the stirring rod into the funnel with bromoform
from a squirt bottle.

Allow approximately 2 to 3 min for the heavy minerals (specific gravity >2.8) to settle
to the bottom of the funnel. Experience will help determine the actual time required
for this settling process. Too long can result in grains of intermediate specific gravity
to settle and too little time can result in incomplete separation of heavy minerals,
neither is desirable.

After separation, open the stopcock and catch the heavy minerals on a filter paper
placed in a plastic filter funnel resting in an Erlenmeyer flask. Close the stopcock
immediately after all of the heavy minerals have been drained from the separatory
funnel. Carefully avoid drawing off intermediate specific gravity mineral grains.

Allow as much of the bromoform as possible to drain into the Erlenmeyer flask, then
remove the filter funnel to another Erlenmeyer flask marked “WASH.” Wash the
separated “heavies” with acetone twice (in which bromoform is readily soluble) and
allow to drain. Caution: acetone is a hazardous and extremely flammable substance.
Treat accordingly. Save the “WASH” solution to recover bromoform using a hot water
bath procedure.

Remove the heavy-mineral-bearing filter paper from the funnel, transfer to a 25-mL
beaker (larger if necessary), place in a fumehood and allow the remaining acetone to
evaporate.

Filter the remaining bromoform and light-mineral fraction in the separatory funnel
through a large (40-cm) fast-flow filter paper into another Erlenmeyer flask or back
into the bromoform reagent bottle. Rinse any residual light material from the
separatory funnel into the filter with bromoform.

When the large filter paper in step 12 is two-thirds full, remove the filter funnel and
place into yet another bottle (or flask) and thoroughly rinse the light material with
acetone. The acetone rinse removes a substantial amount of bromoform from the
sludge. The specific gravity of the bromoform is obtained from the ratio of the mass of
a body to the mass of an equal volume of liquid at a specified temperature. Ten
milliliter of bromoform is measured in a graduated cylinder, stoppered, and weighed.
A specific gravity above 2.8 is considered acceptable.

Pour the heavy minerals (step 11) back into the appropriate red top. If very little
heavy material is present the entire filter paper may be folded and placed into the
container, taking care not to lose any material.
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Magnetic separation

Remove the highly magnetic fraction (ferromagnetic minerals) from the heavy
minerals by pouring large samples through the Frantz separator that has been
specifically set up for this purpose (vertical configuration of magnet poles). It may be
necessary to repeat this process several times to assure thorough separation of less
magnetic minerals. Pour small samples (<5 g) into a rectangular, mylar-covered tray
in a uniformly-spread layer (<2 mm thick) and pass the tray 2 to 1 cm below the
horizontally configured, mylar-covered poles of the magnet, with the current set at
0.25 A. The highly magnetic minerals will adhere to the magnet. Switch off the current
and catch the minerals on a clean paper sheet.

Place the highly magnetic fraction (in general, principally magnetite, Fe304) into an
appropriately labeled polycon also marked “C;.” Discard excess material unless
instructed to do otherwise.

Lightly touch the remaining minerals on the tray to the poles of the magnet with the
current set at 1.75 A. The weakly magnetic minerals will adhere to the magnet and the
nonmagnetic minerals will remain on the tray. Switch the current off and catch the
weakly magnetic minerals on the clean paper sheet.

Thoroughly brush all traces of weakly magnetic minerals that may continued to
adhere to the face of the magnet with the current switched off onto the paper sheet
using an antistatic brush.

Repeat steps 17 and 18, if necessary, to obtain thorough separation of weakly magnetic
and nonmagnetic minerals.

Carefully place the nonmagnetic fraction into a polycon marked “Cz-spec” and the
weakly magnetic fraction into one marked “C,.” Discard excess material unless
otherwise requested.

Grinding

Split the “Csz-spec” fraction in a mini-Jones Splitter, place one half in another polycon
marked “Cz-min” and transfer the other half to an agate mortar. (If the quantity of C3
minerals is judged inadequate for splitting, i.e., less than approximately 20-30 mg,
proceed to hand grinding).

Grind the samples in the mortar with an agate pestle to a powder consistency (minus
200-mesh) and return the ground-up sample to the “Cz-spec” polycon.

Fine grind approximately 5 g of previously pulverized quartz in the mortar to remove
potentially contaminating mineral remnants. Rinse mortar with acetone and wipe
clean with tissue paper.

The end product of this procedure should consist of three separate heavy mineral fractions
of concentrate samples: The C; highly magnetic fraction; the C; weakly magnetic fraction;
and the C3 nonmagnetic fraction.
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Plant material preparation and determination of weight percent
ash

By Thomas R. Peacock

Code: Q050 Accepted: 3/2/93
Revised: 5/12/94

Principle

The physical preparation of plant material generally consists of washing, drying, milling,
and dry ashing an aliquot, or subsplit of the sample (Peacock, 1992). Whenever ashing is
required by an analytical technique, a calculation of weight percent ash is reported. The
results are converted back to a dry weight basis for comparison with other analytical
techniques. Some analytical techniques, such as hydride generation atomic absorption
spectroscopy and instrumental neutron activation analysis, do not require plant ash.
Others, such as inductively coupled argon plasma atomic emission spectroscopy, need
plant ash exclusively.

Interferences

The interferences most commonly encountered are: (1) dust from the sampling site which
may coat stems and leaves; (2) loss of volatile elements at ashing temperature; and (3)
incomplete ashing of some material species at the prescribed temperature. Most
contamination of samples by dust can be eliminated by washing them in deionized water.
The ashing temperature of 500°C was chosen because it is the optimum temperature at
which most plant materials will lose their organic components. It is maintained for 13
hours to maximize loss of organic material. Volatile elements (i.e., Se, As, Hg, P) are
determined in unashed subsplits of the sample. Material that does not ash completely at
500°C is allowed to remain in the furnace for a second attempt. If the sample is still not
ashed completely (as observed by weight, texture, color, and appearance), a notation is

made on the RFA., the submitter contacted for advice, and/or material forwarded to
Sample Control.

Scope

The average time required for preparation and percent ash calculation is 5 days, based on
a suite of 40 samples. The minimum measurement of ash content is 0.01 percent. If the
sample has been washed or washing is not requested and the sample has been milled,
ashing and percent ash calculation can be done in 2 days.

Apparatus
Laboratory equipment consists of the following;:

Thomas/Wiley Mill Standard Model 4, with 2 mm screen

Mellen Model B-222 muffle furnaces fitted with Cramer 24-hour timers
Christy-Norris pulverizer, 8"

Laboratory drying ovens, 0-200°C, 8-10 cu-ft capacity

Spex 8000 Mixer/Mill

Box fans (4.5") mounted to ring stands
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Vitreosil evaporating dishes (fused silica, 3.75" id)
Coors evaporating dishes (porcelain, 3.0" id)

Glass or plastic beakers, 4-L capacity

Rotary mixer holding at least 36-pint sample containers
Mettler AC100 electronic balance

Scientech 3300 electronic balance

A supply of 0.5-0z polycons (pillboxes), 5-mm solid borosilicate beads and waxed
weighing paper is also needed.

Reagents
Acetone, C3HgO, laboratory grade, 1 pint (useful as a cleaning aid)

Safety Precautions

As with all machinery, care must be taken while grinding or ashing the sample materials.
The Wiley Mill has stationary and rotating razor-edged knives that can easily remove
fingertips. The Christy /Norris Mill becomes very hot after just a short period of operation.
Both mills must be cleaned between samples. This is usually done with compressed air (40
psi) and a toothbrush. Before cleaning, the mill should be at rest. Occasionally, a sample
will leave a resinous buildup on the spinning cutting head, door, or screen. It can often be
removed with the careful use of a razor knife and acetone. Due to dust, noise in excess of
80 dB, and heat hazards, the worker should be fully protected with a lab coat or smock,
leather work gloves, dust mask, safety glasses, and hearing protectors. Acetone must be
handled with care to avoid fumes and possible fire hazards. All work must be done in a
dust hood having a face velocity of at least 150 linear feet per minute. A muffle furnace
also creates a potential shock and burn hazard. Avoid contact with heating elements and
never load or unload a hot furnace (>100°C). Review the CHP and MSDS for further
information.

Procedure

Washing

A plant sample received for preparation, with a request for washing, undergoes a washing
process to eliminate contamination from adhering particles such as dust. There are two
methods for this: (1) “beaker soak” hand washing in tap or deionized water, and the most
common (2) “colander rinse” with tap or deionized water.

When the “beaker soak” method is used, water must be constantly changed since the
sample is actually moved from one beaker to another over the course of a few minutes.
The sample is rinsed in a colander, and the beakers are rinsed and refilled for the next
sample. All samples rinsed manually are transferred to a colander for drying. Drying
temperatures are held under 40°C unless specified otherwise. Material having a resinous
coating on stems or leaves is dried without heat to minimize the possibility of its loss
through liquification. Samples are dried to brittleness; usually 24-48 hours.
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Milling
Dry samples can be put directly into the grinder. It has been found that the Wiley Mill is
best for young, woody growth up to a thickness of 5 mm. The Christy /Norris Mill is used
for all thicker materials such as twigs, roots, and branches up to about 13 mm in diameter,
mosses and lichens are ground in a blender. Larger diameter material must be cut to
prevent jamming of the mill. This is most easily accomplished with pruning shears or a
band saw.

Samples are mixed using a rotary type of tumbling device. The top 2.5 cm of the pint
container must remain unfilled to insure proper mixing. The holders are set to
accommodate four 8.9-cm diameter sample containers in line. These sample holders form
the circumference of the mixer. Samples are held in place by flat plates secured with wing
nuts to long threaded bolts mounted in the holder frames. The mixer is driven by a gear
reduction motor having an output of 45 rpm (39:1 ratio). A toothed timing belt is linked to
a 1/3 hp, single phase, ac 1,725 rpm drive motor. The average weight of a plant sample
after grinding is 200 g.

Dry Ashing

Ashing requires only a portion of the sample, but enough to satisfy the analytical need and
be representative of the entire sample. The amount of this “aliquot” is also determined by
its density, estimated ash yield, and amount of sample available. Sample material is taken
from its container with a teaspoon, off the top. An aliquot of 10 g is optimum for a 3.75 in
Vitreosil dish, although satisfactory results have been obtained from splits of 1 to 24 g.
Using a spatula, the sample is spread evenly along the sides and bottom of each dish to
enhance even heat distribution throughout the aliquot. The ashing vessels are arranged in
each furnace three across, left to right, upper shelf first (nine per shelf). Any consistent
arrangement is appropriate provided it is known which dish holds what sample. There
should be some space between each dish and the furnace walls. Breakage can occur from
tightly packed arrangements. Shelving material is stainless-steel mesh wrapped over a
similar framework forming a flat tray.

Ashing proceeds with the door fully closed. The small amount of oxygen necessary for the
process enters through the imperfect seal between door and wall bricks and any hole
drilled for thermocouple mounting. The furnaces are programmed to “ramp” up to the
ashing temperature of 500°C over a period of 5 hours. Complete ashing is insured by
maintaining this temperature for 13 hours. The furnaces are allowed to cool for 8 hours
before sample dishes are removed. While cooling, the door should be slightly open but not
swung away until the inside temperature dips below 200°C. Sample dishes should remain
undisturbed until cooled to 100°C. Ashing vessels are removed using tongs and placed on
a metal or insulated surface for further cooling. At least 20 min should be allowed for this.
After sample removal, cooling of the furnaces is enhanced by box fans positioned in front
of the interior. Due to limitations in the controller and programmer circuitry, the brick
temperature must be reduced to 24°C or less before the next ashing cycle can begin. In all,
furnace cooling requires about 10 hours to complete.
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The ash is transferred to 0.5-0z pillboxes using weighing paper as funnels. The ash must
then be mixed and reduced in volume as it tends to be highly charged with static. This is
done through the use of a 5-mm solid-borosilicate bead (placed into the polycon prior to
addition of the ash), and 10 to 60 s of shaking in a Spex 8000 mixer/mill. The ash is then
ready for laboratory analysis.

Calculation

Weight percent ash is determined for all ashed samples. It requires the measurement of the
empty vessel, the combined weight of vessel and sample aliquot before ashing, and the
weight of the cooled vessel and ashed sample aliquot. All are weighed and recorded to a
minimum of four decimal places (0.0001 g). The net weight of the aliquot and resulting ash
must be determined by difference, multiplying the result by 100. Rounding gives the
reported values in three significant figures. The weight of the vessel is subtracted from
both figures and the formula for calculating percent ash is:

ashed sample wt (g) %100
unashed sample wt (g)

% ash =

Assignment of Uncertainty

Reference materials are included in each batch of samples for control check use by the
analyst.

Bibliography

Peacock, Thomas R., 1992, The preparation of plant material and determination of
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Arsenic, antimony, and selenium by flow injection or continuous
flow-hydride generation-atomic absorption spectrophotometry

By Philip L. Hageman and Eric Welsch

Code: A011 Approved: 11/2/94
Revised: 8/13/96

Principle

Geologic samples are digested using a multiacid procedure in an open Teflon vessel. At
the end of the digestion period, arsenic, antimony, and selenium are reduced to oxidation
states, +3, +3, and +4, respectively. Sodium borohydride is added to the solution resulting
in rapid formation of the hydrides as illustrated by:

3 NaBHy + 4H3AsO3; — 4 AsHj3(g) + 3 H3BO3 + 3 NaOH
3 NaBH, + 4H35bO3 — 4 SbH3(g) + 3 H3BO3 + 3 NaOH
3 NaBH4 + 4H;Se03 — 4 HjSe(g) + 3 H3BO3 + 3 NaOH

The gaseous hydrides are stripped from the analytical stream and transported with inert
gas to the atomizer (a heated quartz furnace) of the atomic absorption spectrophotometer.
For selenium, the quartz furnace is heated by an air acetylene flame to 2000°C; the arsenic
and antimony furnace is electrically heated to 900 and 1,000°C respectively. Concentra-
tions of the elements are determined using calibration standards in solutions of similar
matrix.

Interferences

Interferences usually associated with atomic absorption analysis are negligible, but
incomplete recoveries of the elements from the digest solution may yield low analytical
results. Incomplete recoveries are principally due to:

1. Concentration of certain transition and heavy metals (e.g. Cu, Fe, Ni, and Sn) of more
than 500 ppm in the sample compete with As, Sb, and Se, for available NaBH4. This
competition may result in insufficient NaBH, for completion of the hydride-forming
reaction.

2. Concentrations of one or more of the hydride forming elements in excess of 1,000
ppm. Competing hydride elements deplete the oxygen supply in the furnace which is
needed to convert hydrides to ground state elements.

3. Interference of hydride formation by incompletely digested organic material.

4. Possible volatility losses of the analyte in an organic rich matrix due to organometallic
compounds.

5. Coprecipitation of the hydride elements if a metal is reduced to the metallic form, as is
seen with Ag or Au.
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Problems one and two are generally of minimal concern in environmental samples because
the probability of high concentrations of these elements is quite low. More often,
interference problems occur in mineral studies, but can be resolved by dilution of the
sample solution. This dilution will raise the appropriate detection limits. Special care
should be taken to ensure that all the organic material in organic-rich sample is thoroughly
and rapidly digested (i.e., oxidized) to enable the reaction to reach completion and to
avoid loss through volatilization.

Scope

The hydride generation-atomic absorption spectrophotometric method (HG-AAS)
described herein is useful for the determination of As, Sb, and Se, in a variety of
geochemical samples. The optimum concentration ranges without sample dilution for
these elements in various sample media are as follows:

Matrix Concentration range

Selenium Arsenic Antimony
Rock 0.2 to 4 ppm 0.6 to 20 ppm 06 to 20ppm
Coal 0.1 to 10 ppm 0.1 to 50 ppm
Plant 005 to 1 ppm 0.05 to 12.5 ppm
Water 1 to 40 ppb 3 to 50 ppb

Above these ranges, the options of sample dilutions versus alternative techniques, e.g.
energy dispersive X-ray fluorescence for selenium, should be considered. One day is
required to complete digestion of 40 samples. The analyses of 40 samples requires about
1.5 hours of instrument time for each element.

Apparatus

e Standard laboratory hot plate with a 30x60-cm heating surface

¢ 2.5-cm-thick x 25-cm-wide x 50-cm-long aluminum heating block with 34-mm holes
drilled through in a 5x10 matrix

e Thick-walled, 30-mL Teflon bottles, #0201 T from Savillex Corp., Minnetonka,

Minnesota

125-mL Erlenmeyer flasks with refluxers

60 mL plastic bottles with screw tops

Gilson 212b autosampler

Perkin Elmer 4100 AA with FIAS 400, AS 90 autosampler, PC controller and printer

for arsenic and antimony determinations

e Perkin Elmer 2380 AA with Varian hydride generator Model V6A76 and strip chart
recorder, for selenium determination.

Reagents
e Deionized water (DI)
¢ Nitric acid, HNO3 INSTRA-ANALYZED’ grade
e Hydrochloric acid, HCl INSTRA-ANALYZED'’ grade
e Perchloric acid, HCIO4 INSTRA-ANALYZED’ grade
[ ]

Sulfuric acid, H,SO4 INSTRA-ANALYZED' grade
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Hydrofluoric acid, HF reagent grade
Ascorbic acid, C¢HOg reagent grade
Potassium iodide, KI reagent grade

Sodium borohydride, NaBHy reagent grade
Sodium hydroxide, NaOH reagent grade

6 N HClI solution: Dilute INSTRA-ANALYZED’ grade HCL suitable for trace metals
analysis, with an equal volume of DI water. The use of the INSTRA-ANALYZED' grade
or HCl of similar purity is advised throughout the procedure.

Sodium borohydride solution: For As and Sb dissolve 0.5 g NaOH and 2.0 g NaBHy in DI
water and dilute to 1 L in a volumetric flask. For Se dissolve 3.5 g NaBH4 and 5 g NaOH in
DI water and dilute to 1 L. All solutions should be made weekly and kept refrigerated
between analyses.

Potassium iodide-ascorbic acid solution: Dissolve 100 g KI in DI water. Add 50 g C¢HOsg.
Dilute to 1 L with DI water. Stable for at least 2 weeks.

Saturated persulfate: Dissolve sufficient K,S,Og into one liter of DI so that crystals remain
and no more will go into solution.

Arsenic and antimony standard solutions: Commercially prepared As and Sb standards are
used to make a 10 ppm stock solution in 10 percent HCI. The 10 ppm stock is used to
prepare 20, 40, and 80 ppb working standards by transferring 0.2 mL, 0.4 mL, and 0.8 mL
aliquots to three 100-mL volumetric flasks. To these add 50 mL of 6 M HCl, 20 mL of
KI/CgHOg solution, and enough DI water to bring the volume to 100 mL. The working
standards are stable for at least 1 week and should be refrigerated between analyses.

Selenium standard solutions: A commercially prepared selenium stock is used to make a 10
ppm standard in 10 percent HCI. From this 0.05, 0.10, and 0.20 mL aliquots are transferred
to three 100 mL volumetric flasks and brought to volume with 50 mL 6 M HCI, 4 mL
H,S0y4, and DI water. Important note: for water analysis, do not add H,SO, to standard
solutions. These standards should be stable for at least 1 week and kept refrigerated
between analyses.

Safety precautions

The principal hazards associated with the technique deal primarily with the
decomposition of the samples and the use of concentrated acids. Most dangerous is HF
which inflicts painful and lasting bone and neural damage. Gloves, goggles or safety
glasses, and a laboratory coat should be used whenever handling chemical reagents. Extra
care should be taken in the dispensing of this acid and all equipment used in this operation
should be rinsed thoroughly afterward. A salve such as calcium gluconate or magnesium
sulfate should be prominently located in the laboratory and applied if an HF burn is
detected. A chemical exhaust hood should be used for the digestion procedure and over
the atomic absorption instrument due to the evolution of toxic hydrides and HCl vapors.
There is a danger of H; ignition and flashback if the inert carrier gas is not turned on in
advance. Review the CHP and MSDS for further information.
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Procedure (rock, soil, and sediment)

1.

Weigh 0.25 g sample (<80-mesh) into a 30-mL Teflon vessel, add 9 mL HNO;3 and 0.25
mL of 10 percent HCl. Allow to stand for 3 hours.

Add 2 mL HCIOy, 2 mL H504, 10 mL HF and heat overnight at 125°C.
Cool, add 25 mL 6 N HCl and let stand for half an hour.

Transfer the sample solution to a 60-mL polyethylene bottle and bring up to 55 g with
DI water.

Approximately 8 mL of the solution is decanted into 13x100-mm test tubes for
selenium analysis and another 8 mL is mixed with 2 mL of KI-C¢HOg solution in
17x100-mm test tubes and allowed to stand for 1 hour before arsenic or antimony
analysis.

Arsenic and antimony are determined by means of a Perkin ElImer-4100AA and FIAS-
400 hydride system while selenium is determined using a Varian hydride generation
system which is joined with a Perkin Elmer-2380AA.

Sample peaks are compared to standard peaks recorded on a strip chart recorder for
selenium while the 4100 software does the data reduction mathematically for arsenic
and antimony.

Procedure (coal and plant)

1.

5.

Weigh a 0.1 g sample of coal or a 1.0 g sample of plant material into a 125 mL
Erlenmeyer flask.

Add 20 mL HNOs3, 2 mL H;S04, and let stand overnight.
Then add 3 mL of HCIOy, insert refluxers, and heat at about 175°C for 30 min.
Remove refluxers and continue to heat to dense white fumes.

See step three of the rock procedure.

Procedure (water and extracts)

1.
2.

3.

Weigh 10 g liquid sample into a 30-mL Teflon vessel.
Add 1 mL of saturated K;5,05 and let stand for 1 hour.
Add 1 mL conc HCl and heat at 110°C with watch glass in place.

Remove watch glass after 1 hour and continue heating for roughly 2% to 3 hr or until
the volume is reduced to somewhere between 2 and 5 mL.

Add another 2 mL conc HC, replace the watch glass, and heat for another hour.
Cool, add 25 mL 6 N HCl and let stand for half an hour.

Transfer to 60-mL polyethylene bottles with distilled water, and bring to a weight of
20g.
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Operating Conditions

The analyte content of the digest solution is determined using the instrumental operating
conditions shown in table 1.

Table 1.—Operating conditions for determination of As, Sb,
and Se by HG-AAS

Arsenic Antimony Selenium
Grating.........ocevevvenveveeennneecns ultraviolet ultraviolet ultraviolet
Wavelength ...........ccccooeeienee. 193.7 0 197.2 nm 217.6 nm 196.0 nm
SHt.ceeeeerererereccrenerrrerenens 0.7 nm 0.2nm 0.7nm
Lamp setting...........cccceceunnunee 8W 8w 6W
SOUICe .........cvvverereeeecieeene EDL EDL EDL
Cell (fumace) temp.................. 900°C 1,000°C 2,000°C
MOGB.......coevriereireeeenee absorbance absorbance absorbance
Strip chartrecorder ............... na n/a 10 mV, 5 mm
Concentration mode, 10 ug 045 A 0.20 A 30A

Assignment of uncertainty

The analytical results for As, Sb, and Se in selected reference materials, duplicate samples,
and method blanks are summarized in table 2.

Table 2.—Analytical performance summary for As, Sb, and Se by HG-AAS
(solid phase samples in ppm, water samples in ppb)

[A=National Institute of Standards and Technology (NIST), 1992; B=Water Rasources Division; C=NIST, 1976;
D=Harms, 1988; E=NIST, 1979; F=Wilson, 1994; remaining pv from Potts and others, 1992]

Reference Description n Mean s pv % RSD %R
Antimony, Sb

SDC-1 mica schist 10 0.40 0.05 0.54 12 75
GSD-6 stream sediment 10 1.7 0.1 1.25 ?7 6 134
SRM 2709 soil 10 75 05 79 Acv 7 95
Arsenic, As

T81 water (trace elements) 10 1 1 10.3 B 9 108
T89 water (trace elements) 10 17 2 177 B 12 98
SRM 1575 pine needles 10 0.20 0.01 021 Ccv 5 95
SDC-1 mica schist 10 0.29 0.04 0.22 14 132
GSD-6 stream sediment 10 14 05 136 4 106
SRM 2709 soil 10 18 0.8 1727 Acv 4 102
Selenium, Se

T81 water (trace elements) 10 14 1 12.7 B 7 109
T89 water (trace elements) 20 23 3 178 B 13 127
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Table 2.—Analytical performance summary for As, Sb, and Se by HG-AAS

(solid phase samples in ppm, water samples in ppb)—Continued

Reference Description n Mean s pv % RSD % R

Seienium, Se (Continued)

ALF alfalfa leaves 20 0.18 0.02 019 D 11 95

SRM 1635 coal fly ash 10 1.0 0.1 0.9 E 10 106

CLB-1 coal 20 25 0.2 21 F 8 119

SRM 2709 soil 20 15 0.1 157 Acv 7 95

Duplicate samples k n Mean s % RSD Concentrationrange No. of < No. of <
(total) (pairs)

Antimony

Rock 7 2 09 0.1 11 04 to 15 0 0

Arsenic

Water -- - - - - - - 12 6

Rock 31 2 8.0 0.2 3 02 o 22 6 3

Coal 5 2 14.62 0.02 0.1 01 to 70 4 2

Plant 7 2 1.03 0.07 7 004 to 6.8 0 0

Selenium

Water 5 2 29 2 8 14 to 79 10 5

Rock 44 2 1.33 0.04 3 005 to 9.0 5 2

Coal 10 2 259 0.08 3 04 to 84 0 0

Plant 8 2 0.98 0.02 2 004 to 58 2 1

Method blank n Mean s 3s 5s

Antimony

Rock 189 0.008 0.1 03 0.6

Arsenic

Water 14 0.1 0.5 2 3

Rock 43 0.07 0.1 03 0.6

Coal 9 0.01 0.01 0.04 0.06

Plant 8 0.03 0.01 0.02 0.04

Seienium

Water 21 0.002 0.006 0.02 0.03

Rock 39 0.03 0.04 0.1 0.2

Coal 10 0.05 0.02 0.06 0.10

Plant 9 0.01 0.01 0.02 0.04
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Gold by flame or graphite furnace atomic absorption
spectrometry

By Richard M. O'Leary and Allen L. Meier

Code: A031 Accepted: 2/16/93
Revised: 3/16/94

Principle

Gold is determined in geologic materials by the flame atomic absorption
spectrophotometry (FAAS) (Thompson, and others, 1968; Ward and others, 1969; O'Leary
and Meier, 1986) or graphite furnace atomic absorption spectrophotometry (GFAAS)
(Meier, 1980). The gold in the sample is dissolved with a hydrobromic acid-0.5 percent
bromine solution. The gold-bromide complex that is formed is extracted from the acid
solution with methyl isobutyl ketone (MIBK). The organic solvent is washed with dilute
hydrobromic acid to remove iron which causes interference. The MIBK is atomized into
the flame or pipetted into a graphite furnace of an atomic absorption spectrophotometer
for estimation of gold content.

Interference

Iron causes interference in the estimation of gold by atomic absorption spectrometry,
presumably by light scattering. The iron is effectively eliminated by washing the MIBK
extract with 0.1 M HBr. Care must be taken to avoid contamination of the graphite furnace
by samples containing high concentrations (>0.1 ppm) of gold. All samples should be first
analyzed by FASS and then by GFAAS for samples with concentrations of less than 0.05

ppm gold.

Scope

This method is applicable to a wide variety of geologic materials. However, heterogeneous
distribution of gold in the sample may result in pronounced imprecision due to sampling
error. Also the HBr-Br, digestion may not effectively solubilize gold occluded in silicate
matrices. These problems can be minimized by extra fine grinding and the use of as large a
sample size as possible. The lower reporting unit for 10-gram samples is 0.1 ppm for the
FAAS and 0.002 ppm for GFAAS. Upper reporting limit without dilution is 2.0 ppm for
FAAS and 0.05 ppm for GFAAS. Approximately 50 samples per day can be analyzed by
this method.

Apparatus
e Atomic-absorption spectrophotometer equipped with flame and graphite furnace

atomizers

Centrifuge

Horizontal tube-shaking machine

Hot plate

Metal test tube rack

Muffle furnace

Pipette, 5 mL disposable transfer

Porcelain evaporating dish, 60-mm diameter

Powder funnel, 65-mm
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e Test tubes 25 x 150-mm disposable
e Vortex mixer

Reagents
All chemicals should be of reagent grade and all water deionized (DI)
¢ Bromine, Br;
¢ Hydrobromic acid, HBr
e Methyl isobutyl ketone MIBK: 4-methyl-2-pentanone

Hydrobromic acid—0.5 percent bromine solution: Add 5 mL Br, per 1 L of conc HBr.

Hydrobromic acid 0.1 M, MIBK saturated: Dilute 12 mL conc HBr to 1 L with DI water. Add
200 mL MIBK, shake thoroughly, allow phases to separate, and discard MIBK layer.

Gold standard solution, 1,000 pg/mL: Dissolve exactly 1.000 g gold in 100 mL HBr-0.5
percent Br solution in a volumetric flask. Heat gently to expel excess bromine. Cool and
dilute to 1 L with conc HBr.

Dilute gold solution, 100 pg/mL: Dilute 10.0 mL of 1,000 pg/mL stock gold solution to 100
mL in a volumetric flask with conc HBr. Make fresh yearly.

Dilute gold solution, 1 pg/mL: Dilute 1.0 mL of 100 pg/mL gold solution to 100 mL in a
volumetric flask with conc HBr. Make fresh yearly.

Gold standard solutions in MIBK for FAAS: 0.5,1.0, and 2.0 pg/mL: Add 1.0, 2.0, and 4.0
mL of 100 pg/mL dilute gold solution to three 200-mL volumetric flasks containing 200
mL MIBK. Shake vigorously. Transfer contents to three 500-mL regent bottles containing
100 mL equilibrated (MIBK-saturated) 0.1 N HBr and shake. Make fresh every 3 months.

Gold standard solutions in MIBK for GFAAS: 0.025 and 0.050 pg/mL: Add 0.250 mL and
0.50 mL of 1 pg/mL dilute gold solution to two 25x150-mm disposable test tubes
containing 10 mL of MIBK and 40 mL of equilibrated 0.1 N HBr. Cap and shake vigorously
for 2 minutes. Make fresh weekly.

Blank MIBK solution for FAAS and GFAAS: Shake 200 mL MIBK vigorously in a 500-mL
reagent bottle containing 100 mL equilibrated 0.1 N HBr.

Safety precautions

All digestions and work with open or uncapped reagents must be done in an operating
chemical hood. Protective clothing, eyewear and gloves must be worn. See the CHP and
MSDS for precautions, effects of overexposure, first-aid treatment, and disposal
procedures for reagents used in this method. The muffle furnace must be adequately
vented.

Procedure

1. Weigh 10 g sample into a porcelain evaporating dish. Turn on the hood exhaust vent
for the muffle furnace.
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2. Ignite sample at 700°C in a muffle furnace for 1 hour or until sulfides and organic
matter are completely oxidized.

3. Transfer sample to a 25x150-mm test tube containing 10 mL HBr-0.5 percent Br,. Care
must be taken when adding a sample containing carbonate materials to the HBr-0.5
percent bromine solution. Rapid effervescence may cause loss of sample from the
culture tube and splattering of acid. Add sample slowly, mix, and add extra HBr-0.5
percent bromine solution to insure a high acid concentration. Red to orange color is
present if acidity is correct. The 65-mm funnels inserted in the tube will often serve to
contain effervescing sample.

4. Mix sample solution thoroughly and heat in a metal rack in a hot plate set on high
until the tubes begin to tap. Remove immediately. Do not allow tubes to overheat.

5. Allow to cool, add 10 mL MIBK and 10 mL DI water, cap, and shake in a horizontal
shaking machine for 3 min.

6. Centrifuge until layers separate and transfer the MIBK layer using a 5-mL disposable
transfer pipette, to a 25x150-mm test tube containing 40 mL equilibrated 0.1 M HBr.
(The transfer of MIBK need not be quantitative but should consist of at least 4 mL for
all subsequent analysis.)

7. Cap, shake for 2 min, and allow phases to separate.

8. Estimate the gold content by atomizing the organic layer into the flame and /or
graphite furnace of an atomic absorption spectrophotometer. Calibrate flame or
reslope graphite furnace after every 10 samples.

Standardization of Instrument

Table 3 shows the operating conditions for a Perkin-Elmer Model 603 flame atomic
absorption spectrophotometer.

Table 3.—Operating conditions for determination of Au by FAAS

Grating.......ccoveeremeeeeceenverreerneerseeneas ultraviolet

Wavaelength ...........cccoovinciininneninne 242.8 nm

Slt e 0.7nm

Lamp current... .10 mA

SOUMCE ...ttt gold (hollow cathode lamp)

Integration time.............cccoeeeieiiccncne 1s

BUMEr.......oo Boling (three slot)

Flame condition .............c.cocvverecvecrennn oxidizing (lean blue)

Concentration mode
TRGML e 0.074 A (instrument calibration setting = 1.00)
2Ug/ML e 0.148 A (instrument calibration setting = 2.00)

The following instrumental operating conditions, table 4, are for a Perkin-Elmer 5000
equipped with a graphite furnace with Zeeman background correction.
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Table 4. —Operating conditions for determination of Au by
GFAAS

Grating..........cooovviviinnvcireecnnes ultraviolet

Wavelength ... 242.8 nm

Background correction ............c.ccieineninnne Zeeman
St et snnr e 0.7 nm, low

Lampeurrent ............ccoociivecinine e 10 mA

Graphite tube...............ccccovnieniinicinn Pyrocoated with L'vov platform
SOUICE ... gold (hollow cathode lamp)
PUrge gas......cccoeiiiniiiniec nitrogen, 35 cc/min

Integration time 6s

...10s
..20s
120°C

.1s
15s
500°C

0s

5s
2000°C
-1s

1s

not used
0

0.05 pg/mL (calibration setting = .050 ppm)
1s

3s
2700°C

Concentration mode
0.025 ug/mb ..o 0.300 1 10% A (instrument calibration

setting = 0.25 ppm)

Calculation

The formula to calculate the gold concentration is:

volume of MIBK (mL)
sample wt (g)

Au (ppm) = X AAS sample reading (ng / mL)
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Assignment of uncertainty

The analytical results for gold, by flame and graphite furnace AAS respectively, in
selected reference materials, duplicate samples, and method blanks are summarized in
tables 5 and 6.

Table 5.—Analytical performance summary for Au (ppm) by FAAS
[A=Grimes, 1991; B=Nevada Bureau of Mines, 1991; remaining pv from Potts and others, 1992]

Reference Description n Mean s pv %RSD %R
GXR-4 coppermill ore 10 0.48 0.06 0.47 13 102
DGPM-1  disseminated gold 10 057 0.01 072 A 2 79
NBM-1b  andesite 10 1.19 0.02 154 B 2 77
GXR-1 jasperoid 30 3.2 0.2 34 6 94
Duplicate samples k n Mean s % RSD  Concentration range No. of< No of <
(total) (pairs)
8 2 5.31 0.08 1 005 to 38 48 23
Method blank n Mean s 3s 5s
10 -0.002 0.01 0.03 0.06

Table 6.—Analytical performance summary for Au (ppm) by GFAAS

[A=Nevada Bureau of Mines, 1991; B=Canadian Certified Reference Materials Project, 1992, C=Grimes, 1991;
remaining pv from Potts and others, 1992]

Reference Description n Mean s pv %RSD %R

NBM-1a  andesite 10 <0002 -- 0.003 A? - -~

GXR-2 soil 25 0.024 0.003 0.036 12 67

UMT-1 ultramafic ore tailings 10 0.045 0.005 0.0482 B 11 93

GXR-6 soil 131 0.087 0.009 0.095 10 92

DGPM-2  disseminated gold 10 0.24 0.02 0263 C 8 91

Duplicate samples k n Mean s % RSD  Concentration range No. of < No. of <

(total) (pairs)
18 2 0.007 0.001 17 0.001 to 0.028 38 19
Method blank n Mean s 3s 5s
38 0.00003 0.0004 0.001 0.002

35



Bibliography

Canadian Certified Reference Materials Project, 1992, Certificate of analysis:
Canada Centre for Mineral and Energy Technology, Ontario.

Grimes, D.J., 1991, Branch of Geochemistry, Written communication to the editor,
In-house values from INAA and AA data (n=60): U.S. Geological Survey,
Denver, Colo.

Meier, A.L., 1980, Flameless atomic- absorption determination of gold in geological
materials: Journal of Geochemical Exploration, v. 13, p. 77-85.

Nevada Bureau of Mines and Geology, 1991, Certificate of analysis: University of
Nevada, Reno.

O'Leary, R.M., and Meier, A.L., 1986, Analytical methods used in geochemical
exploration, 1984: U.S. Geological Survey Circular 948, p. 23-27.

Potts, P.J., Tindle, A.G., and Webb, P.C., 1992, Geochemical reference material
compositions: CRC Press Inc., Boca Raton, Fla., p. 227.

Thompson, C.E., Nakagawa, H.M., and VanSickle, G.H., 1968, Rapid analysis for
gold in geologic materials, in Geological Survey Research 1968: U.S. Geological
Survey Professional Paper 600-B, p. B130-B132.

Ward, F.N., Nakagawa, H.M., Harms, T.F., and VanSickle, G.H., 1969, Atomic
absorption methods useful in geochemical exploration: U.S. Geological Survey
Bulletin 1289, 45 p.

36



Tellurium and thallium by flame atomic absorption spectrometry

By Richard M. O’Leary

Code: A061 Accepted: 1/19/94
Principle

Tellurium and thallium are determined by the modified flame atomic absorption method
developed by O’Leary and Viets (1986). The sample is decomposed by hydrofluoric and
sulfuric acids and the residue is treated with hydrochloric acid and hydrogen peroxide.
Tellurium and thallium are selectively extracted into a 10 percent Aliquat 336-MIBK
organic phase in the presence of ascorbic acid and potassium iodide. The organic solution
is atomized by flame atomic absorption spectrometry (FAAS) for determination of
tellurium and thallium concentrations.

Interferences

Iron is the major interfering element in the determination of tellurium and thallium in
geologic materials by atomic absorption spectrometry. However, this interference is
eliminated by reducing the iron with ascorbic acid. Addition of the 10 percent Aliquat 336-
MIBK in the presence of ascorbic acid and potassium iodide eliminates this interference.

Scope

The lower reporting limit for tellurium and thallium is 0.1 ppm. The upper limit of 10 ppm
can be extended by the dilution of an aliquot of the 10 percent Aliquat 336-MIBK layer.
Approximately 35 samples can be analyzed per day for both elements.

Apparatus

Atomic-absorption spectrophotometer equipped with flame atomizer
Boiling chips

Centrifuge

Beakers, 50-mL, Teflon FEP

Test tubes, 16x150-mm disposable, with caps

Hot plate

Horizontal shaking machine

Vortex mixer

Reagents

All chemicals should be reagent grade, and all water should be metal-free, unless
otherwise indicated.

Deionized water (DI)

Aliquat 336, tricaprylylmethylammonium chloride (obtainable from Aldrich Chemical
Company)

Hydrochloric acid, HCI conc 36 to 37 percent

Hydrogen peroxide, HO, conc 30 percent

Hydrofluoric acid, HF conc 49 percent
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Methyl isobutyl ketone, MIBK
e Sulfuric acid, H,SO4 conc 98 percent

Aliquat 336-MIBK 10 percent (vfv): Pour 100 mL Aliquat 336 into a clean 1-L, graduated
cylinder, dilute to 1 L with MIBK, shake to dissolve the Aliquat 336, and pour into brown
glass bottle. This solution is stable for at least 1 month.

Ascorbic acid-potassium iodine solution, 30-15 percent (wfv): Weigh 300 g C¢HgOg (U.S.P. food
grade or metal-free equivalent) and 150 g KI into a beaker, dissolve in DI water by
stirring, and warming over low heat, then dilute to 1L. Store in brown glass bottle.
Prepare fresh weekly.

Tellurium and thallium standard solutions, 1,000 pg/mL: Prepare by accurately weighing
1.000 g pure thallium and 1.250 g tellurium oxide into separate 1,000-mL flasks. Dissolve
in 20 mL HCI-10 percent Br solution, heat gently to expel excess of bromine, and make up
to volume in 1,000-mL volumetric flask with 10 M HCI.

Combined stock solution 2, 5, and 10 pg/mL: Add 0.20, 0.50, and 1.0 mL of each 1,000
pg/mL stock solution to three 100 mL volumetric flasks and dilute to volume with 10 M
HCl.

Instrument calibration standards 2, 5, and 10 pg/mL: Add 1 mL H,SO4 to three 16x150 mm
disposable test tubes containing a boiling chip. Carefully and slowly, with the test tube
pointed away from the preparer, add 3 mL HCI down the inside of the tube to avoid
effervescence of the acids out of the tube. Add 2.00 mL of the combined stock solutions
containing 2, 5, and 10 pg/mL. Add 0.5 mL H,O, and mix. Allow to set for 10 min and
add 0.5 mL H,0, and mix. After 10 min place in a heating block at 110°C and heat until
the remaining chlorine and hydrogen peroxide is evolved. Remove from heat and when
cool add 4 mL ascorbic acid-potassium iodide solution, mix and allow to set for 20 min.
Continue preparation starting at step 6 in the procedure. Calibration standard and method
blank should be made for every 20 samples.

Safety precautions

Special care must be taken when preparing the instrument standards. Cautiously and
slowly, with the test tube pointed away from the preparer, add the HCI to the tubes
containing the sulfuric acid. Rapid addition of the HCl will cause the acids to effervesce
from the tube. All work with open or uncapped reagents must be done in a chemical hood.
Protective clothing including laboratory coats or aprons, gloves, and eyewear must be
worn. Refer to the CHP and MSDS for further information concerning specific precautions,
first-aid treatment and disposal procedures for chemical products used in this method.
Calcium gluconate gel should be available in labs where HF is in use.

Procedure
1. Weigh 2.00 g sample into a 50-mL Teflon FEP beaker.
2. Add 2 mL DI water to wet the sample, 1 mL conc H,SO4 and 10 mL conc HF, place on

the hot plate preset to 140°C overnight. The HF must be consumed and evaporated
leaving the H5SO4 and sample.

3. Remove from heat and allow to cool. Add 5.0 mL conc HCI followed by 1.0 mL 30
percent H>O, dispensed in 0.25 mL portions, 10 min apart. Mix sample well after each
addition of the hydrogen peroxide.
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4. After 10 min place beaker on hot plate at 125°C and evolve remaining hydrogen
peroxide and chlorine. It is critical to minimize the loss of liquid during this step,

therefore, do not over heat.

5. Remove from hot plate and transfer contents to a 16x150-mm disposable test tube.
Rinse beaker with 4.0 mL ascorbic acid-potassium iodide solution, transfer to the test

tube, mix, and let stand for 20

min.

6. Accurately add 3.0 mL 10 percent Aliquat 336-MIBK solution to each tube. Cap and

shake for 5 min.

7. Centrifuge the samples at 1,000 rpm for 10 min to separate the organic layer from the

acid layer.

8. Determine the tellurium and thallium content by atomizing the organic layer in a

flame atomic absorption spectrophotometer.

Standardization of equipment

Table 7 lists the instrumental operating conditions for determining tellurium and thallium
using a Perkin-Elmer 5000 atomic absorption spectrometer.

Table 7.—Operating conditions for determination of

Te and Tl by FAAS

Tellurium Thallium

Grating.......c..coeereerrencniercenieneeneeeseneeeenes ultraviolet ultraviolet
SOUCE 1aMP ... EOL EDL
Integration time............cccoceeceerennnn. 1s 1s
Flame condition ..... oxidizing oxidizing
Wavelength ............ ...214.3 nm 276.8 nm
Slit. e 0.2nm 0.7 nm
Burner, cm . 3-slot 3-slot
Background correction (deuteriumy............... yes no
Concentration mode

20 PPM.cniiniiriiier e sereeereeneeennes 0.045 A 0.045 A

S.OPPM...ciiiiiint e 0.090 A 0.080 A

Assignment of uncertainty

Table 8 is the analytical results for tellurium and thallium of selected reference materials,
duplicates samples, and method blanks.
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Table 8.—Analytical performance summary for Te and Tl (ppm) by FAAS
[A=Hubei Geological Research Laboratory, 1990; B=Govindaraju, 1989; C=National Institute of Standards and

Technology, 1992; remaining pv from Potts and others, 1992]

Reference Description n Mean s pv %RSD %R

Tellurium, Te

SRM 2709 soil 10 0.04 003 - 75 -

GSD-7 stream sediment 10 0.05 0.01 0.065 20 77

GSD-12 stream sediment 10 0.24 0.02 0.29 8 83

GSD-11 stream sediment 10 044 0.04 0.38 ? 9 116

GSS-6 soil 10 042 0.02 042 ? 5 100

GXR-4 coppermill ore 40 0.73 0.07 0.97 10 75

GBW 07236 lead ore 10 1.03 0.05 12 A 5 86

SRM 2711 soil 10 1.28 004  -- 3 -

GBW 07235 lead ore 10 35 0.1 39 A 3 20

GSS-5 soil 10 6.2 0.2 40 3 155

GXR-1 jasperoid 10 11.8 09 13 8 91

Thallium, Tl

GXR-1 jasperoid 10 042 0.05 039 B ? 12 108

GBW 07235 lead ore 10 0.41 0.03 043 A 7 95

SRM 2709 soil 10 061 0.01 0.74 2 82

GSD-7 stream sediment 10 0.86 0.03 0.93 3 92

GBW 07236 lead ore 10 0.88 0.03 10 A 3 88

GSS-5 soil 10 1.71 0.06 16 4 107

GSD-12 stream sediment 10 1.62 0.02 18 1 90

GSS-6 soil 10 238 0.04 24 2 99

SRM 2711 soil 10 230 0.04 247 C cov 2 93

GSD-11 stream sediment 10 273 0.03 29 1 94

GXR-4 coppermill ore 40 3.1 0.1 32 3 97

Duplicate samples K n Mean s % RSD Concentration range No. of < No. of <
(total) (pairs)

Tellurium 20 2 0.33 0.01 3 012 to 091 8 4

Thallium 16 2 0.56 0.02 3 001 to 137 16 8

Method blank n Mean s 3s 5s

Tellurium 12 0.01 0.02 0.08 0.1

Thallium 12 -0.008 0.02 0.04 0.07
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Mercury in water, geologic, and plant materials by continuous
flow-cold vapor-atomic absorption spectrometry

By Richard M. O'Leary, Philip L. Hageman, and James G. Crock

Code: A091 Accepted: 9/23/93
Revised: 8/13/96

Principle

To determine mercury in geologic and plant materials, samples are digested with nitric
acid and sodium dichromate in a disposable test tube. After digestion, samples are diluted
with water to 12 mL. To determine mercury in water, samples must be preserved with a
1 percent sodium dichromate /nitric acid solution. All samples are then mixed with air
and a sodium chloride-hydroxylamine hydrochloride-sulfuric acid solution and Hg (II) is
reduced to Hg® with stannous chloride in a continuous flow manifold. The mercury vapor
is separated and measured using continuous-flow cold vapor-atomic absorption
spectrometry (CV-AAS). This method is a variation of Kennedy and Crock (1987).

Interference

Samples containing high concentrations of Ag, Au, Pt, Te, and Se may diminish the
extraction efficiency of the Hg in geologic samples (Bartha and Ikrenyi, 1982 and
Suddendorf, 1981). Of these, only selenium poses a significant problem for nonmineralized
geologic materials. Although a 1 ppm solution of the other elements causes greater than a
90 percent suppression of a 0.01 ppm Hg solution, these elements either will not be
dissolved (Au, Pt) or are normally present at low concentrations (Ag, Te). Silver does not
become a problem until its concentration exceeds 12 ppm in sample. Samples containing
silver above 12 ppm need to be diluted. Concentrations above 25 ppm Se suppress
recovery of Hg and should be diluted.

Scope

The method offers a lower reporting limit of 0.02 ppm mercury in solid-phase samples.
Samples exceeding the working range of 0.02-1.8 ppm mercury require dilution. For water
samples, the method offers a lower reporting limit of 0.1 ppb. Samples exceeding the
working range of 0.1-1.5 ppb mercury must be diluted. Approximately 40 samples can be
analyzed per person-day.

Apparatus
e Perkin-Elmer 3030B Spectrophotometer
e Perkin-Elmer 56 Strip Chart Recorder
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e Technicon AAII Autosampler, modified by replacing the metal sampling probe with a
glass sampling probe

¢ Gilson Medical Electronic (Middleton, Wisconsin) Model Minipulse 2, eight
channel, variable-speed peristaltic pump equipped with standard tygon pump tubing
Standard laboratory hot plate with a 30x60-cm heating surface
General Electric Chill Chaser Deluxe Infrared Heat Lamp. Position around the flow-
through cell and the phase separator

e  7.5-cm-thick x 33-cm-wide x 43-cm-long aluminum heating block, with 18-mm holes
drilled through in a 10 by 10 matrix

See figures 1 and 2 for the flow-through cell and phase separator used in this method.
These have been described by Skougstad and others (1979). Mixing coils are available from
Bran + Luebbe, Inc., Buffalo Grove, IL.

Reagents

Unless otherwise noted, chemicals are reagent grade and water is deionized (DI).

1 percent (wfv) sodium dichromate-nitric acid solution: Dissolve 10 g Na;Cr,072H,0in 1.0 L
conc 'INSTRA-ANALYZED' grade HNOs.

30 percent (wfv) potassium hydroxide solution: Dissolve 30 g KOH in DI water and dilute to
100 mL.

25 percent (wfv) sodium dichromate solution: Dissolve 500 g reagent grade
Na,Cr,07:2H,0 in sufficient DI water to bring the volume to 2 L.

Nitric acid wash: Dilute 40 mL ‘INSTRA-ANALYZED’ grade HNO; (16 M) to 4 L with DI
water.

Stannous chloride solution: Dissolve 100.0 g SnCl-2H,O (suitable for Hg determination
grade) in 100 mL conc (12 M) INSTRA-ANALYZED’ grade HCI. Let the solution stand
for 20 to 30 min until the SnCl,-2H,O totally dissolves. Dilute to 1 L with DI water. This
solution is stable for about 1 week with refrigeration at 5°C.

Complex-reducing solution: Dissolve 30.0 g hydroxylamine hydrochloride and 30.0 g NaCl
in about 500 mL DI water. While mixing, slowly add 100 mL conc (18 M) H,SO,,
INSTRA-ANALYZED’ grade. When the solution is cool, dilute to 1 L with DI water.

Stock solution: SRM 1641c (1.47 ppm mercury in DI water) available from the National
Institute of Standards and Technology.

Mercury calibration standards: 1.47 ppb, 7.35 ppb, and 14.7 ppb: Prepare by diluting with
DI water, 0.5 and 2.5, and 5.0 mL of 1.47 ppm mercury solution (SRM 1641¢) in three 500
mL volumetric flasks containing 100 mL conc HNO;3; and 10 mL 25 percent sodium
dichromate solution.
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Safety precautions

Normal laboratory safety procedures should be observed, including the use of protective
eyewear, laboratory coat, and gloves. All chemical digestion activities should be
performed in a chemical hood. See the CHP and MSDS for further information concerning
first-aide treatment and disposal procedures etc. for chemical products used in this
method. The atomic absorption spectrophotometer should be located under a vent exhaust
hood to evacuate the acid gases and mercury vapors that are generated by the continuous
flow-cold vapor system.

Procedure for geologic and plant samples

1.

2.

Weigh 0.100 g sample into 16x100-mm disposable test tube.

Add 2.0 mL 16 M HNO3, and 0.50 mL 25 percent sodium dichromate solution to the
sample. Vortex wet the entire sample solution.

Place test tube in the aluminum heating block for 2 hours at 110°C. Remove from the
heating block and allow to cool completely. (Overnight cooling is acceptable.)

Dilute sample solution to 12 mL with DI water, cap and shake for 2 min.

If the sample is mineralized or it contains more than 25 ppm Se, 10 ppm Au, 10 ppm
Ag; transfer 0.6 mL to a second test tube, add 2 mL HNO3, 0.5 mL 25 percent
dichromate solution, and dilute to 12 mL with DI water.

Aqueous standards of 1.47,7.35, and 14.7 ppb Hg are used for the calibration curve
with each day's analysis.

Using the manifold illustrated in figure 3, the digested geochemical materials are
analyzed along with aqueous calibration standards. The modifications to the manifold
include changes to reagent and sample flow rates and reagent composition. These
were made to maximize the absorbance signal of a 0.01 ppm Hg solution, and to allow
the high dichromate concentration in the sample digest. Samples with Hg
concentration greater than the highest standard (14.7 ppb in solution or 1.8 ppm in the
sample) must be diluted and reanalyzed. Any sample following a sample that exceeds
the concentration of the upper standard, should be reanalyzed due to potential Hg
carry over from the previous sample.

The calibration curve is checked at the beginning and end of every job (approximately
40 samples).

Procedure for water samples

Water samples should arrive at laboratory preserved with a 1 percent sodium
dichromate/conc HNOj solution in a ratio of 1:19 (one part sodium dichromate/HNO3
solution to 19 parts DI water sample).

Upon arrival at laboratory, water samples are shaken and transferred into 16 x 100
mm disposable test tubes.

Aqueous calibration standards of 0.37, 0.74, and 1.47 ppb are used for water analysis.
They are obtained by dilution of the calibration standards used for geologic and plant
samples, using the dilution technique previously described.
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3. Water samples are then analyzed using the same reagents and equipment used for
geologic and plant samples with the exception of increasing sensitivity of the strip
chart recorder from 5mV to 2mV. Any sample exceeding the working range (0.20-1.47
ppb ) must be diluted and reanalyzed.

4. The calibration curve is checked at the beginning and end of every job.

Standardization of Instrument

Instrument settings used for a Perkin-Elmer 3030B AAS Spectrometer and a Perkin-Elmer
56 Recorder are outlined in table 9.

Table 9.—Operating conditions for determination of Hg by CV-AAS

Lamp....oooveiiin, Hg hollow cathode, 4 mA
Slit..ceiieeecee s 0.7 nm
Wavelength .......................... 253.7 nm, no background correction
Recorder...........cccccvvevrvinnenn 5 mV full-scale response, 5 mm/min; 2mV for water samples
147 UG/ 9 mm on recorder paper

Calculation

Measure peak height to the nearest division and calculate the mercury concentration in the
sample with the following formula:

standard conc (ug / mL) " total sample solution volume (mL)

b3! =
g (ppm) recorder reading of standard (divisions or mm) sample wt (g)

x recorder reading of sample (divisions or mm)

Assignment of Uncertainty

The reporting limit can be lowered by using a larger sample (up to 0.5 g) or a smaller
dilution volume (as little as 8.0 mL due to the requirements of the manifold). Table 10
shows the analytical results of selected reference materials, duplicate samples, and method
blanks obtained by this method.
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Table 10.—Analytical performance summary for Hg by CV-AAS (water
samples in ppb, solid phase samples in ppm)

[A=Erdmann, 1994; B=National Institute of Standards and Technology (NIST), 1993; C=National Bureau of
Standards, 1983; D=Govindaraju, 1989; E=NIST, 1992; remaining pv from Potts and others, 1992]

Reference Description n Mean s pv % RSD %R

HG5 water 9 0.23 0.01 030 A 6 77

HG4 water 9 0.58 0.04 060 A 6 97

HG 1 water 9 0.92 0.03 098 A 3 94

Reference Description n Mean s pv % RSD % R

SRM 1515 apple leaves 9 0.04 0.01 0044 Bov 27 83

G-2 granite 10 0.07 0.01 0.049 13 135

GSD-12 stream sediment 68 0.10 0.04 0.056 40 179

SRM 1572  citrus leaves 9 0.07 0.02 008 Ccov 26 88

SRM 1575 pine needles 9 0.14 0.01 0.15 Becev 7 95

GXR-5 soil 77 0.19 0.02 0.167 10 112

MESS-1 marine sediment 10 0.22 0.01 0.171 D 6 131

SGR-1 shale 20 0.18 0.01 0.254 8 69

GXR-3 hot spring deposit 63 0.32 0.02 0.33 5 97

SRM 2709 soil 28 14 0.1 140 E cv 6 99

GXR-2 soil 145 31 0.2 29 8 107

GXR-1 jasperoid 10 40 03 39 8 103

SRM 2711 soil 11 59 05 625 E cv 8 94

Duplicate samples k n  Mean s % RSD  Concentration range No.of<  No. of<
(total) (pairs)

Solid phase 46 2 0.06 0.01 15 002 t 0.18 82 36

No duplicate data available for water samples at this time

Method blank n Mean s 3s 5s
Water 15 0.01 0.02 0.04 0.08
Solid phase 15 0.001 0.001 0.004 0.006

Each daily run of samples is preceded by three aqueous calibration standards, a reference
sample taken through the digestion procedure, and a digested reagent blank. The three
aqueous standards establish the sensitivity; the reference sample is a check of digestion
and the blank establishes if there is any contamination. Low values for the aqueous
standards and /or high values for the reference sample suggest the apparatus needs to be
disassembled and cleaned with 30 percent KOH. Upon heating this removes any residual
mercury or organic carbon buildup.
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Figure 1. The flow-through cell used for the determination of mercury. The two 16-mm
end windows of this cell are quartz and the remainder of the cell is Pyrex glass.
J.G. Crock and others, 1987, U.S. Geological Survey Open-File Report 87-84, 16 p.
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Figure 2. Phase separator used in the determination of mercury. The separator
is made from Pyrex glass. J.G. Crock and others, 1987, U.S. Geological

Survey Open-File Report 87-84, p. 17.
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Figure 3. Manifold used for the automated generation of mercury vapor. J.G. Crock and
others, 1987, U.S. Geological Survey Open-File Report 87-84, p. 19.
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Mercury in whole coal and biological tissue by continuous
flow-cold vapor-atomic absorption spectrometry

By Richard M. O'Leary

Code: A200 Accepted: 6/6/94
Principle

To determine mercury in whole coal and biological tissue, samples are digested with nitric
acid, sulfuric acid, and vanadium pentoxide in a disposable glass test tube. After
digestion, samples are diluted with water to a constant volume. All samples are then
mixed with air and a solution of sodium chloride, hydroxylamine hydrochloride, and
sulfuric acid and then Hg (II) is reduced to Hg® with stannous chloride solution in a
continuous flow manifold. The elemental mercury vapor is separated and measured using
cold vapor-atomic absorption spectrometry (CV-AAS).

Interference

Sample solutions containing elevated concentrations of Ag, Au, Pt, Te, and Se may
diminish the recovery of the Hg, as has been noted by previous investigators (Bartha and
Ikrenyi, 1982 and Suddendorf, 1981). Of these, only Se poses a significant problem for
nonmineralized geologic materials. Although a 1 ppm solution of the other elements
causes greater than a 90 percent suppression of a 0.01 ppm Hg solution, these elements
either will not be dissolved (Au, Pt) or are normally present at lower concentrations (Ag,
Te). Silver does not become a problem until its concentration exceeds 12 ppm in the
sample. Samples containing silver above 12 ppm need to be diluted. Selenium
concentrations above 25 ppm suppresses recovery of mercury and the sample should be
diluted.

Scope

The method offers a lower reporting limit of 0.02 ppm mercury in whole coal and
biological samples. Samples exceeding the working range of 0.02-1.5 ppm mercury require
dilution. Approximately 40 samples can be analyzed per person-day.

Apparatus

e Perkin-Elmer 272 Spectrophotometer
Perkin-Elmer 056 Strip Chart Recorder
Technicon AAII Autosampler, modified by replacing the metal sampling probe with a
glass tube

¢ Gilson Medical Electronic (Middleton, Wisconsin) Model Minipulse 2, eight channel,
variable-speed peristaltic pump equipped with standard tygon pump tubing
Standard laboratory hot plate with a 30x60-cm heating surface

¢ General Electric Chill Chaser Deluxe Infrared Heat Lamp. Position around the flow-
through cell and the phase separator

e  7.5-cm-thick x 33-cm-wide x 43-cm-long aluminum heating block, with 18-mm holes
drilled through in a 10 by 10 matrix (100 holes)

e Watch glass, 25-mm diameter

51



See figures 1 and 2 (pages 48 and 49) for the flow-through cell and phase separator used in
this method. These have been described by Skougstad and others (1979). Mixing coils are
available from Bran + Luebbe, Inc., Buffalo Grove, IL.

Reagents

Unless otherwise noted, chemicals are reagent grade and water is deionized (DI).

Hydrochloric acid, 12 M conc ‘BAKER INSTRA-ANALYZED’
Sulfuric acid, 18 M conc ‘BAKER INSTRA-ANALYZED'
Vanadium Pentoxide, V,0s5: Some brands of V,0s5 contain detectable amounts of
mercury. All V,05 should be roasted prior to use in a chemical hood. Roast in a
porcelain dish using a muffle furnace or a fisher burner, at a temperature below 690°
C, the melting point of V,Os. Do not breath V,05 dust as it is highly toxic, an irritant,
and a possible mutagen.

¢ Nitric acid, 16 M conc ‘BAKER INSTRA-ANALYZED’

Nitric acid wash: Dilute 40 mL ‘BAKER INSTRA-ANALYZED’ grade HNO; to 4.0 L with
DI water

30 percent potassium hydroxide solution: Dissolve 30 g KOH in DI water and dilute to
100 mL

Stannous chloride solution: Dissolve 100.0 g SnCl,-2H,0O (Baker, suitable for Hg
determination grade) in 100 mL conc. ‘BAKER INSTRA-ANALYZED’ grade HCI. Let the
solution stand for 20 to 30 minutes until the SnCl;-2H,0 totally dissolves. Dilute to 1.0 L
with DI water. This solution is stable for about 1 week with refrigeration.

Complex-reducing solution: Dissolve 30 g hydroxylamine hydrochloride and 30 g NaCl in
about 500 mL DI water. Add very slowly 100 mL conc HSO4. When the solution is cool,
dilute to 1 L with DI water.

Sodium dichromate, 25 percent (wfv) solution: Dissolve 25 g NayCr,07-2H20 in DI water and
dilute to 100 mL.

Mercury standard solution: SRM 1641c (1.47 ppm mercury in DI water) available from the:
National Institute of Standards and Technology

Mercury calibration standards, 0.00147,0.00735, and 0.0147 ppm: Prepare by diluting in DI
water, 0.5, 2.5, and 5.0 mL of 1.47 ppm mercury solution (SRM 1641c) in three 500 mL
volumetric flasks containing 115 mL conc HNOj3, 50 mL conc H,SO4 and 10 mL of 25
percent (w/v) sodium dichromate. These standards correspond to 0.147, 0.735, and 1.47
ppm Hg in the whole coal sample. Make fresh every 3 months.
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Safety precautions

Normal laboratory safety procedures should be observed, including the use of protective
eyewear, laboratory coat, and gloves. All chemical digestion activities should be
performed in a chemical hood. See the CHP and MSDS for further information concerning
first-aid treatment and disposal procedures, etc. for chemical products used in this
method. The atomic absorption spectrophotometer should be located under a vent exhaust
hood to evacuate the acidic gases and mercury vapors that are generated by the
continuous flow-cold vapor system.

Procedure

1.

8.

Weigh 0.150 g of whole coal or dried biological tissue (0.75 to 1.5 g undried biological
tissue) into 16x150-mm disposable test tube.

Add approximately (scooped) 0.1 g V,0s, 3.5 mL conc HNO3, and 1.50 mL conc
H,S04 to the sample. Vortex to wet the entire sample solution.

Place test tube in the aluminum heating block, cover with watch glass, and ramp
gradually to 150°C over a 2-hour period. Heat overnight at this temperature.

Remove the tube, allow to cool and dilute sample solution to 15 mL with DI water,
cap and shake for 5 min.

Centrifuge at 1,000 rpm for 5 min and transfer approximately 12 mL sample solution
to a 16x100 mm disposable tube.

Calibrate the instrument for each day’s analyses against the aqueous standards of
0.00147, 0.0075, and 0.0147 ppm Hg.

Using the manifold illustrated in figure 3 (page 50), modified from Koirtyohann and
Khalil (1976) and Kennedy and Crock (1987), the digested geochemical materials are
analyzed along with aqueous calibration standards. The modifications to the manifold
include changes to reagent and sample flow rates and reagent composition. These
were made to maximize the absorbance signal of a 0.00147 ppm mercury solution.
Samples with mercury concentration greater than the highest standard (1.47 ppm in
the sample) must be diluted and reanalyzed. Also, any sample following a sample that
exceeds the concentration of the upper standard, should be reanalyzed due to the
possibility of mercury carry over from the previous sample.

The calibration curve is checked at the beginning and after every 20 samples.

Standardization of Instrument

Instrument settings used for a Perkin-Elmer 272 AAS Spectrometer and a Perkin-Elmer 56
Recorder are outlined in table 11.
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Table 11.—Operating conditions for determination
of Hg in coal and biological tissue by CV-AAS

Lamp.....ccorenecnireereecne Hg hollow cathode

Slit.oeeceeeeee 0.7nm

Wavelength .......................... 253.7nm

Recorder..............ccccouveerveenne 2 mV full-scale response, 5 mm/min

AA recorder mode................. TC3

0.00147 pg/mL ..................... approximately 28 mm on recorder paper
Calculation

Measure peak height to the nearest mm with a ruler and calculate the mercury
concentration in the sample with the following formula:

calibration std. (pug / mL) « final sample volume (mL)
std. peak height (mm) sample wt (g)

Hg (ppm) = x sample peak height (mm)

Assignment of Uncertainty

Low values for the aqueous standards and/or high values for reference materials suggest
the apparatus needs to be disassembled and cleaned with 30 percent KOH. Upon heating
this removes any residual mercury or organic carbon buildup. Each daily set of analyses is
preceded by three aqueous calibration standards. Table 12 shows the analytical results of
selected reference materials, duplicate samples, and method blanks obtained by this method.

Table 12.— Analytical performance summary for Hg (ppm) in coal and
biological tissue by CV-AAS
[A=National Institute of Standards and Technology, 1983; B=Lengyel and others, 1994; C=National Bureau

of Standards (NBS), 1974; D=Wilson, 1994; E=NBS, 1978; F=Govindaraju, 1989; G=Potts and others,
1992; H=National Research Council of Canada, 1983]

Reference Description n Mean s pv % RSD % R
SRM 1566a oyster tissue 10 0.060 0.009 0.0642 A cv 15 93
SRM 1632b coal (bituminous) 15 0068  0.005 0077 B 7 88
SRM 1632 coal 11 0.09 0.01 012 C c¢v 12 75
CLB-1 coal 20 0.15 0.01 012 D ? 8 125
SRM 1632a coal fly ash 14 0.119 0.007 013 E e¢v 6 92
SRM 1633b coal fly ash 20 0.12 0.01 0.141 D 11 87
MESS-1 marine sediment 20 0.18 0.02 0.171 F 11 102
SDO-1 shale 20 0.18 0.01 019 G 6 95
TORT-1 lobster 10 032 0.02 033 H cv 6 97
Duplicate samples k n Mean s % RSD  Concentration range No. of< No. of <

(total)  (pairs)

Whole coal 34
Biological tissue 16

N

0.103 0.008 8 001 to 051 0 0
0.55 0.04 8 002 to 23 0 0

N
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Table 12.—Analytical performance summary for Hg (ppm) in coal and
biological tissue by CV-AAS—Continued

Method blank n Mean s 3s 5s

37 0.001 0.003 0.009 0.02
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Cadmium and silver by flame atomic absorption spectrometry

By Richard M. O’Leary

Code: A100 Accepted: 3/2/93
Principle

Cadmium and silver are determined by a modified flame atomic absorption method
developed by O’Leary and Viets (1986). The sample is decomposed by hydrofluoric acid
and the residue is treated with hydrochloric acid and hydrogen peroxide. Cadmium and
silver are selectively extracted into a 10 percent Aliquat 336-MIBK organic phase in the
presence of ascorbic acid and potassium iodide. The organic solution is atomized by flame
atomic absorption spectrometry (FAAS) for determination of silver and cadmium
concentrations.

Interferences

Calcium and iron are major interfering elements in the determination of cadmium and
silver in geologic material by atomic absorption spectrometry. However, these
interferences are eliminated by the use of the 10 percent Aliquat 336-MIBK which will not
extract calcium, and will not extract iron in the presence of ascorbic acid and potassium
iodide.

Scope

The lower reporting limit for cadmium is 0.1 ppm and silver 0.2 ppm. The upper limit of
10 ppm can be extended by the dilution of an aliquot of the 10 percent Aliquat 336-MIBK
layer with 10 percent Aliquat 336-MIBK. Approximately 35 samples can be analyzed per
day.

Apparatus

Atomic absorption spectrophotometer equipped with flame atomizer
Aluminum block with holes to accommodate 16-mm digestion tubes
Boiling chips

Centrifuge

Beakers, 50-mL, Teflon FEP

Test tubes, 16x150-mm disposable, w/caps

Hot plate

Horizontal shaking machine

Vortex mixer

Reagents

All chemicals should be reagent grade, and all water should be metal free, unless
otherwise indicated.

Deionized water (DI)
Aliquat 336, tricaprylylmethylammonium chloride (obtainable from Aldrich Chemical
Company)

¢ Hydrochloric acid, HCI, conc

¢ Hydrogen peroxide, H,O, 30 percent
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¢ Hydrofluoric acid, HF, conc
¢ Methyl isobutyl ketone, MIBK

Aliquat 336-MIBK 10 percent (vfv): Pour 100 mL Aliquat 336 into a clean 1-L, graduated
cylinder, dilute to 1 L with MIBK, shake to dissolve the Aliquat 336, and pour into brown
glass bottle. This solution is stable for at least 1 month.

Ascorbic acid-potassium iodine solution, 30 to 15 percent (wfv): Weigh 300 g C¢HgOg (U.S.P.
food grade or metal-free equivalent) and 150 g Kl into a beaker, dissolve in DI water by
stirring, and warming over low heat, then dilute to 1 L. Prepare fresh weekly. Note: Some
KI has been found to contain cadmium and silver contaminants. Check for contamination
before using. If the reagent is contaminated, try another manufacturer or lot number of the
potassium iodide.

10 M hydrochloric acid solution: Dilute 833 mL of conc HCI to 1L with DI water

Stock cadmium and silver solutions, 1,000 ug/mL: Prepare by accurately weighing 0.1142 g
CdO and 0.1074 g Ag,0 into separate 100-mL flasks. Dissolve and dilute the CdO to
volume with 10 M HCIL. Add 25 mL 10 M HCl and 2 mL H,0; to the flask containing the
Ag,0, heat at 95°C until dissolved. Additional amounts of H,0, may be necessary. Add
H30; in 1 mL increments 10 min apart until totally dissolved. Dilute to volume with 10 M
HCL

Stock solutions 2, 5, and 10 ug/mL: Add 0.20, 0.50, and 1.0 mL of each 1,000 pg/mL stock
solution to three 100 mL volumetric flasks and dilute to volume with 10 M HCI.

Instrument calibration standards 2, 5, and 10 ug/mL: Add 0.50 mL of the combined stock
solutions containing 2, 5, and 10 pg/mL to three 16x150 mm disposable test tubes
containing a boiling chip. Add 4.5 mL conc HCl and 0.5 mL H,O; and mix. Allow to set
for 10 min, add 0.5 mL H,0O, and mix. After 10 min place in a heating block at 110°C and
heat until the remaining chlorine and hydrogen peroxide is evolved. Remove from heat
and when cool add 4 mL ascorbic acid-potassium iodide solution, mix and allow to set for
20 min. Continue preparation starting at step six in the procedure. One set of calibration
standards and blank should be made for every 20 samples.

Safety precautions

All work with open or uncapped reagents must be done in a chemical hood. Protective
clothing, including laboratory coats or aprons, gloves, and eyewear must be worn. See the
CHP and MSDS for further information concerning first-aid treatment and disposal
procedures for chemical products used in this method.

Procedure
1. Weigh 0.50 g sample into a 50-mL Teflon FEP beaker.

2. Add 5 mL conc HF, place on the hot plate and evaporate to dryness at 110°C.

3. Remove from heat and add 5.0 mL conc HCl followed by 1.0 mL 30 percent H,O,
dispensed in 0.5 mL portions, 10 min apart. Mix sample solution well after each
addition of the hydrogen peroxide.

4. After 10 min place beaker on hot plate and evolve remaining hydrogen peroxide and
chlorine. It is critical to minimize the loss of liquid during this step, therefore do not
over heat.
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5. Remove from hot plate and transfer contents to a 16x150-mm disposable test tube.
Rinse beaker with 4.0 mL ascorbic acid-potassium iodide solution, transfer to the test
tube, mix, and let stand for 20 min.

6. Accurately add 3.0 mL 10 percent Aliquat 336-MIBK solution to each tube. Cap and
shake for 5 min.

7. Centrifuge the sample solution to separate the organic layer from the acid layer.

8. Determine the cadmium and silver content by atomizing the organic layer in a flame
atomic absorption spectrophotometer.

Standardization of equipment

The following table lists the instrument operating conditions using a Perkin-Elmer 5000
atomic absorption spectrophotometer.

Table 13.—Operating conditions for determination of Cd
and Ag by FAAS

Silver Cadmium

Grating.........coooevvevcincicd ultraviolet ultraviolet
Source Lamp........cceceenrecinicncnne hollow cathode hollow cathode
Integration time................cccccccueee. is is
Flame.........ccoooveeveceeiiicceeeee Air-acetyline Air-acetyline
Flame condition .............ccocceeueenene oxidizing oxidizing
Wavelength ... 328.1 nm 228.8 nm
Shit. e 0.7 nm 0.7 nm
Bumer.........ooeiccce 10cm 10cm
Background correction .................. no no
Concentration mode

2.0PPM....iiciiciereeeeieaes 0.080 A 0.140 A

SOPPM ..covceceriereeenerceeaas 0.160 A 0.280 A

Assignment of uncertainty

Table 14 is the analytical results for cadmium and silver of selected reference materials,
duplicates samples and method blanks.

Table 14.—Analytical performance summary for Cd and Ag (ppm) by FAAS
[Proposed values from Potts and others, 1992]

Reference Description n Mean s pv % RSD % R
Cadmium, Cd

GSD-3 stream sediment 10 0.07 0.02 0.10 29 70
SCo-1 shale 13 0.13 0.02 0.140 15 93
MAG-1 marine mud 1 0.22 0.03 0.202 14 109
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Table 14.—Analytical performance summary for Cd and Ag (ppm) by
FAAS—Continued

Reference Description n Mean s pv % RSD % R

Cadmium (Continued)

GSD-6 stream sediment 12 0.36 0.03 043 8 84
MESS-1 marine sediment 10 0.66 0.03 059¢cv 5 112
SGR-1 shale 10 0.97 0.06 0.93 6 104
GSD-7 stream sediment 11 0.92 0.09 1.05 10 88
GXR-1 jasperoid 12 2.7 0.2 33 2?2 7 82
GSD-12  sediment 10 39 0.2 4 5 98
GXR-2 soil 31 38 0.2 4.1 5 93
Siiver, Ag
MAG-1 marine mud 10 0.08 0.01 0.08 13 100
SCo-1 shale 10 0.14 0.02 0.134 14 104
SGR-1 shale 10 0.25 0.03 0.184 12 136
GSD-6 stream sediment 10 0.34 0.02 0.36 6 94
GSD-3 stream sediment 10 0.61 0.05 0.59 8 103
GSD-7 stream sediment 10 1.06 0.08 1.05 8 101
GSD-12  sediment 10 1.06 0.06 1.15 6 92
GXR-2 soil 31 16.4 06 17 4 96
GXR-1 jasperoid 10 33 2 31 5 105
Duplicate samples k n Mean s % RSD  Concentrationrange No. of < No. of <
(total) (pairs)
Cadmium 31 2 0.64 0.03 4 02 to 32 6 2
Silver 32 2 0.50 0.04 8 01 to 28 2 0]
Method blank n Mean s 3s 5s
Cadmium 13 -0.01 0.01 0.03 0.05
Silver 13 0.01 0.03 0.08 0.2
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Carbonate carbon by coulometric titration

By Clara Papp, Elaine Brandt, and Phillip Aruscavage

Code: CO11 Accepted: 2/16/93
Principle

Carbonate carbon in geologic material is determined as carbon dioxide, CO;, by
coulometric titration. The sample is treated with hot 2 N perchloric acid and the evolved
CO, is passed into a cell containing a solution of monoethanolamine. The CO,,
quantitatively absorbed by the monoethanolamine, is coulometrically titrated using
platinum and silver/potassium iodide electrodes (Jackson and others, 1987).

Interference

Processing samples containing high concentrations of sulfur quickly exhausts the sample
prescrubber. The analyst must give close attention to the build-up of black sulfide
precipitate in the prescrubber solution.

Scope

The lower reporting limit is 0.01 percent CO, and samples containing up to 50 percent CO,
may be analyzed. Sample size is adjusted from 0.5 g for the range 0.01 to 5 percent CO,,
0.1 g for the range 5 to 10 percent CO,, and 0.02 g for greater than 10 percent CO,.
Generally, 20 to 30 samples can be analyzed per day. The analysis of shales often requires
30 to 40 minutes for complete liberation of carbon dioxide.

Apparatus

Carbonate Carbon Apparatus Model 5030 with Carbon Dioxide Coulometer Model 5010
(U.I.C. Inc.), HP85 Computer with “COUL” program, or if available, programmable
calculator.

Reagents

Deionized water (DI)

Ammonium hydroxide NH4OH, conc

Acetone, C3HcO

Potassium hydroxide, KOH, 45 percent solution, Coulometrics
Hydrogen peroxide, H;O;, 30 percent solution, Baker reagent grade
Sulfuric acid, H,SOy4, conc

Perchloric acid, 2 N solution: Dilute 170.3 mL HCIO4 (70 percent) to 1 L; store in a plastic
bottle

Potassium iodide saturated solution: Add 2.0 g KI to 100 mL DI water and stir for 2 hours on
a magnetic stirrer

Coulometer solution: Proprietary solution of monoethanolamine and thymolphthalein
indicator, available from Coulometrics, Inc.
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Silver sulfate solution: Add 1.5 g Ag;SO4, to 100 mL DI water and stir for 2 hours on a
magnetic stirrer. Add 2.0 mL conc H,S0,4 and mix. Store in a glass bottle.

Safety precautions

The instrument should be operated in a fume hood. Lab coat, proper gloves, and safety
glasses must be worn. Preparation of reagents and handling of acids and bases shall be
done under an operating chemical hood. Use perchloric hood for all analytical procedures
involving HCIO4 and clean at end of each days use. Ammonia fumes from concentrated
NH4OH are extremely irritating to eyes and lungs. See the CHP and MSDS for
precautions, effects of overexposure, first-aid treatment, and disposal for chemical
products used in this method.

Procedure

Additional details of the procedure and internal calibration are in the on-site instruction
manuals by Coulometrics Incorporated (1978). Reference materials used for the analysis
include USGS standards PCC-1, STM-1, and MAG-1 and reagent grade CaCO;3. One or
more of these are used at the beginning of the days run, depending on the amount of
carbonate expected in the samples.

1. Weigh approximately (e.g. 0.4912 or 0.5076) half a gram of ground geological material
to four significant figures and transfer to a clean, dry sample tube. Reduce the amount
of sample to 0.1 or 0.02 g if the subsequent analysis indicates concentrations of CO; in
excess of 5 and 10 percent respectively.

2. Place a small, magnetic stirring bar in the clean coulometer cell beaker. Add 80 mL
coulometer solution.

3. With a small spatula, add 0.1 g KI to the bottom of the anode cell compartment,
covering the bottom frit.

4. Place the electrode cell assembly in the beaker containing the coulometer solution so
that it is tilted towards the printing on the beaker. Tilting the assembly towards the
printing keeps the light path unobstructed when the beaker is placed into the
coulometer apparatus. The platinum electrode should be curved in a horizontal
position around the anode compartment.

5. Insert the silver electrode into the anode compartment, then lift slightly so anode
solution may be added by a dropper. The level of the solution inside the compartment
should be the same as the level of the solution in the beaker when the electrode is
immersed. The tip of the silver electrode should be slightly above (approximately %4")
the potassium iodide crystals covering the frit. As the anode wears away through
usage, the holder must be readjusted.

6. Clamp the cell and beaker in place on the coulometer apparatus, making sure the
electrodes and air jet are to the back of the cell holder and not in the path of the light
beam.

7. For a blank solution, connect a clean sample tube to the condenser with small rubber
bands and add 4 mL 2 N HCIOj from a Repipet bottle to the sample tube. The ground
glass connection on the condenser must be lightly greased with special stopcock
grease (Lubriseal) to provide an air-tight connection.
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8.

10.

11.

12.

13.

14.

15.

16.

Connect the Teflon air tube from the cell assembly to the Teflon air tube from the
sample tube apparatus.

. Connect wires from the electrodes to proper color-coded receptacles (red to red, black

to black).
In exact sequence:

a. Turn on the heating element on the sample digestion compartment of the
apparatus. Turn it up to six on the dial.

b. Open the air valve and set air flow to read 100 cc/min on the gauge. Check for
leaks.

¢. Turn on the coulometer power switch and adjust the transmission control so
that it reads 100 percent T. Once the transmission control is set initially for the
days run, it should not be changed. If it cannot be set to 100 percent T, check to
see if something is obstructing the light beam.

d. Turn on the electrolysis current switch to begin the titration. The color of the
liquid in the cell will turn to blue.

Turn on the HP 85 computer and load tape, then load the “COUL” program. When
the digital display becomes stable, run the blank.

Move the tube assembly to the heater position and allow the system to run for 5 min
as a blank determination. This time is in the program. After 5 min, the microgram
count for the blank should be no more than 5 pg. If it is much higher than this, e.g., 50
ug, suspect something wrong with the anode compartment.

Remove the blank tube and save. Wipe the Teflon intake tubing and the inner portion
of the condenser dry. If there is acid left on the tubing or condenser, it may release
CO; prematurely when the sample tube is connected.

Enter the sample number into the computer. Connect the sample tube to the
condenser and make sure of an air-tight seal. Allow air to flow through the system for
2 to 3 min to purge any atmospheric CO, introduced. If there is a leak, values could be
low and/or carrier air will not flow through the system. After the purge, the
microgram count should not exceed 16 to 24. If it does, the excess should be added to
the sample count because CO; is being released prematurely. This sometimes happens
with certain samples with high carbonate concentrations.

Press “R” on the computer to start titration. Slowly add a few milliliters of acid to the
sample tube from the Repipet and shake the tube gently to wet the sample evenly.
Add the remainder of the 4 mL acid.

Place the tube assembly into the heater position and allow the reaction to proceed.
Maintain incipient boiling and flow rate of 100 cc/min during the evolution of CO;.
Adjust heat as needed to prevent bumping and possible ejection of sample into the
condenser tube.

62



17.

18.

19.

20.

21.

22.

23.

24,

Completion of CO; release and titration, is indicated by the stability of readings, (less
than 10 pg difference in 2 min). Normal samples usually require 5 to 10 min. As an
example, if the count is 20 pug at 6 min, 24 ug at 7 min, and 28 pg at 8 min, it can be
assumed equilibrium has been reached. Often there will be duplicate counts on
successive minute intervals at equilibrium and usually before 10 min.

Remove the sample tube and if there are more samples to be run, repeat the
procedure from step 13.

For shutdown:
a. Tumn off electrolysis current switch and remove electrode leads;
b. Turn off power switch;
c.  Turn off computer after removing tape.

This sequence must be followed to avoid damage to electrical system.

Remove the last sample tube, clean the inlet tube with a small wire and flush out
residue into a plastic beaker using a small amount of acid from the dispenser. Rinse
the inside of the condenser with distilled water from a small squeeze bottle. The
cleaning procedure should be run between samples if a large amount of residue builds
up in the inlet tube and/or if bumping ejects sample into the condenser neck.

Place a clean sample tube onto the apparatus and introduce 4 mL 2 N HC10; into it
and continue shutdown by:

a. turning off the air gauge;
b. turning off the heater and pump switch.
Follow this sequence to prevent any back flow of fluids into the air pump.

Disconnect the air tube from cell assembly and remove the beaker promptly from the
apparatus, brush off any yellow deposit that forms on the anode and rinse off and
dry. Deterioration of the electrode can result if it is left in the used solution for long
periods of time.

Pour out the solution from the anode compartment and rinse with acetone. Brush
gently to dislodge the potassium iodide from the frit and flush out with acetone from
a squeeze bottle. Invert the stopper and apply suction to the tube while flushing the
frit with small amounts of acetone until it is thoroughly clean. Rinse the stopper with
water, dry and put away. Don't rinse the anode compartment with water and be
careful about handling acetone. It is extremely flammable!

Clean out all the used sample tubes by rinsing and using a brush to remove all sample
residue. Rinse with distilled water, dry the outside and store in a rack.
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Trouble Shooting

The system should be continually monitored to see if any conditions requiring
troubleshooting are necessary.

8.

The presence of large amounts of sulfide precipitate indicates that the scrubbing effect
of the solution may be becoming depleted, which if not corrected means future
sample runs may be in error. The precipitate may also clog the scrubber frit.

When sulfide precipitate (black) is detected in the prescrubber at the back of the
apparatus or in the Teflon tubing, separate the prescrubber from the system, along
with the Teflon tubing. Flush out with conc HCl and then thoroughly with water.
Rinse with DI water. Add silver sulfate solution (saturated) to the mark (4 mL) and
add nine drops 30 percent H,O,. Reconnect the system. NOTE: Traces of HCI, a
result of insufficient rinsing with water, will react with silver sulfate to form a white
precipitate of silver chloride.

Periodically check the platinum electrode wire for dirt or film. Wipe clean with tissue
or clean with dilute HNOj and rinse with DI water.

If there is excessive frothing in the 45 percent KOH scrubber, if it becomes cloudy, or
when the air-flow rate through the sintered glass plug cannot be corrected by the
addition of a little DI water, remove the tube from the system. Clean the sintered glass
plug by passing DI water through it. Add 12 mL 45 percent KOH to the cleaned
scrubber tube and re-assemble in the apparatus. Addition of a little DI water to the
scrubber will usually correct the condition. After this has been done ten times or so, it
will be necessary to replace the KOH.

To clean the sintered glass frit in the silver sulfate sample scrubber, drain sample
scrubber and rinse with DI water. Fill the scrubber with ammonium hydroxide and
warm in a water bath to clean the frit. Rinse thoroughly with DI water. When the disk
is clean, the tube may be refilled with silver sulfate solution.

Clean a dirty and clogged frit in the anode cell compartment with saturated
potassium iodide solution. Use an aspirator to draw the solution through the frit and
then flush with DI water.

If a run is interrupted for 1 hour or more, continue operating the system with the last
determined sample in place.

Replace the cell solution if over 350,000 ug CO; is exceeded in a day.

Calculation

If a programmed computer is hooked up to the titration instrumentation (coulometer), a
printout for pg values for CO; can be generated. By entering the sample weights and
corresponding pg CO; values; the percent CO,, or carbonate results are calculated
automatically. If calculations are made by hand use the following formulas:
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a. To determine percent CO,

CO2(ug)

CO2 = ——— 2
% CO sample (ug)

x 100

b. To determine percent carbonate carbon

Clug)
sample (ug)

% carbonate carbon = x100

Assignment of uncertainty

Table 15 shows the carbonate carbon (quoted as CO5) results for reference materials,
duplicate samples, and method blanks by coulometric titration.

Table 15.—Analytical performance summary for carbonate carbon (percent)
as CO,

[Proposed values from Potts and others, 1992]

Reference Description n Mean s pv % RSD % R
STM-1 syenite 10 0.019 0.002 0.026 ? 11 73
BHVO-1  basalt 14 0.013 0.002 0.036 15 36
G-2 granite 16 0.073 0.001 0.08 1 91
GXR-2 soil 114 0.020 0.007 0.09 35 22
SDC-1 schist 10 0.093 0.001 0.099 1 94
GSP-1 granodiorite 30 0.104 0.006 0.1 10 95
PCC-1 peridotite 78 0171 0.007 0.15 4 114
GSD-12  stream sediment 68 0.04 0.01 0.18 ? 25 2
MAG-1 marine mud 20 0.459 0.005 047 ? 1 98
GSD-6 stream sediment 10 1.96 0.01 201 ? 05 97
SRM88b dolomite limestone 10 470 03 46.37 cv 1 101
Duplicate samples K n Mean s % RSD Concentrationrange  No.of<  No. of <
(total) (pairs)
o 2 559 007 1 001 to 46 36 17
Method blank n Mean S 3s 5s
29 0.002 0.001 0.003 0.004
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Moisture and total water in silicate rocks

By Daniel R. Norton and Clara S.E. Papp

Code: CO21 Accepted: 1/27/93
Principle

The evolved total water in silicate rocks is determined by coulometry using the Karl
Fischer titration method (Norton, 1982). The total water is released with the aid of a flux at
900°C. Dry nitrogen is used as a carrier gas to drive the water from the ground rock
material into the Karl Fischer reagent contained in the titration cell. In the presence of the
reagent, water reacts quantitatively with coulometrically generated iodine. The
instrumentation allows for the rapid and accurate determination of total water through an
automated titration system using controlled electrolysis current and blank compensation.
The moisture (H,0-), or non-essential water, is determined by weight loss after heating the
sample at 110°C. Essential water (H,O+) is determined by calculation using the total water
and moisture concentrations.

Interferences

Usually, high temperature and a flux are required to effect complete release of water from
the sample (Jackson, and others, 1987). The flux not only breaks down the mineral
structure, but retains other volatile elements such as sulfur, fluorine, and chlorine that may
interfere with the determination. The presence of organic matter in the sample affects the
accuracy of determinations. The loss of volatile organic species at 110°C yields high results
for H,O-. High results also are obtained for total water or H,O+ content due to
combustion of the organic matter yielding water and carbon dioxide (Jackson, and others,
1987). Determination of water in samples of high organic content should be forsaken
entirely. Sample preparation, i.e., grinding, may also affect the water content of the
sample. Increased surface area of the finely-ground sample, particularly of naturally
hygroscopic minerals, may cause increased absorption of moisture. Grinding may rupture
fluid inclusions in various mineral phases in the sample. Introduction of atmospheric
water through an improperly sealed instrumental system will cause erroneous results.

Scope

The lower reporting limit is 0.05 percent for all three forms of water. Approximately 25
samples can be analyzed in a day. The method is most applicable to the analysis of water
in silicate rocks. The total water, moisture (H,O-), and essential water (H,O+) are reported
as weight percent.

Apparatus
¢ Coulometric titrator with microprocessor control unit, electrolytic cell, and printer:

Mitsubishi Chemical Industries (MCI) Model CA-05

Vaporizer, zero to 1000°C: MCI Model VA-21

Analytical balance, electronic: Mettler Model AC-100

Boat, quartz, MCI part no. VAHSB

Sample cup, Pyrex, 11-mm od by 11-mm height
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Reagents

Anode reagent solution: Aquamicron A (available from MCI)

Calcium carbonate, CaCOj3

Cathode reagent solution: Aquamicron C (available from MCI)

Check solution U: water content 3.8 to 4.1 mg H,O mL (available from MCI)

Ethyl alcohol, C;HgO, reagent grade, anhydrous

Desiccant, 8 mesh indicating

Molecular sieves: grade 513, 4-8 mesh beads, effective pore size 4A (base:alumina-
silicate, cation:sodium). Available from Fisher Scientific Co. as Davison® molecular
sieves

Nitrogen gas, Linde, prepurified grade

Lead oxide, PbO (litharge)

Lead chromate, PbCrOy4, “Baker Analyzed” reagent powder

The flux is prepared according to the instructions of Peck (1964). In this procedure 200 g
PbO and 100 g PbCrO, are heated 1 hour at 800°C in separate platinum crucibles. After
cooling, the constituents are hand-ground in a mortar to just pass a 20-mesh sieve, mixed
on a paper with 50 g dry CaCO; and stored in a bottle having a tight seal cap.

Safety precautions

All work with open or uncapped reagents should be done in an exhaust hood. In use,
instrumentation should be vented into an exhaust hood. In this procedure, it is of utmost
importance to maintain proper setting of the stopcocks on the titration devise. It is of even
greater importance to never turn off the furnace or gas flow while the titration device is
connected to the furnace. Resulting negative pressure can draw the reagent back into the
furnace which is hot enough to create an explosion. Caution must be exercised in handling
bottled, compressed gases. Protective clothing, safety glasses, and gloves must be worn.
Safety precautions are re-iterated in the section, Discussion of procedure. Effects of
overexposure, first-aid treatment, and disposal procedures for reagents used in this
method are discussed in the CHP and MSDS.

Procedure

Additional details of the procedure are in the on-site instruction manuals by Mitsubishi
Chemical Industries (1986).

Steps 1-12 are done before attaching titration devices to heating devices.

1. Remove the glass rod with adapter joint from the heating tube of the furnace unit,
clean the rod with a tissue containing some absolute ethyl alcohol, dry with another
tissue, replace in the heating tube, and move the boat into the heating zone.

2. Turn on the hood.

3. Turn on the main valve of the nitrogen gas cylinder, set the diaphragm valve to 5 psi
and open the outlet valve.

4. Turn the nitrogen inlet stopcock to direct the flow of gas through the heating tubes of
the furnace and adjust the flow of gas to 100 mL /min with the needle valve.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Check all joints in the titration cells to determine that they move freely. If any of the
joints move with difficulty, clean and regrease these joints.

Check the desiccants contained in the drying tubes on the cathode and anode cell
compartments of both electrolytic cells. Discard spent desiccant and replace as
required.

Check the level of the reagent solutions in both electrolytic cells. When the level has
dropped to 100 mL, introduce 5 mL of the Cathode Solution and enough Anode
Solution to bring its level to that of the Cathode Solution.

With the furnace temperature control set to 900°C turn on the power switch to the
furnace.

Turn on the CA-05 titrator.

If a negative voltage is registered, introduce approximately 100 puL of the Check
Solution with a syringe. If a negative voltage persists, introduce additional 100 uL
aliquots of the Check Solution until a positive voltage is obtained.

When a positive voltage is registered, turn on the titration switch and allow the water
to be titrated automatically to the end point. Allow the background to attain a value of
less than 0.1 ng/s before proceeding.

Turn the gas outlet stopcock of the electyrolytic cell to direct the flow of gas through
the exit tube to the hood duct. Attach the cell inlet tube to the furnace outlet tube.

Adjust the nitrogen gas flow rate to 100 mL/min. Allow the background to reach a
low level, less than 0.07 ug/s, before proceeding with blank and sample
determinations.

Check the operation of the balance under the approximate load utilized for the
determinations with a calibration weight equivalent to the sample weight employed.

Analyze 300 mg of flux as a blank approximately five times. Weigh a 50-mg sample of
the ground rock material into a Pyrex sample cup on the electronic balance and add
300 mg of the flux.

Mix the contents of the cup with a small metal rod and brush the latter to transfer
adhering particles to the cup. Enter weight of sample into CA-05 titrator.

Pull out the glass rod in the heating tube of the furnace unit to align the quartz boat
with the glass stoppered sample port. Transfer the cup with the sample-flux mixture
onto the Fiberfrax liner of the boat, and move the boat into the heating zone.

Press the start button on the CA-05 titrator and allow the coulometric titration to
proceed automatically to the electronically displayed end point.

Pull out the glass rod in the heating tube of the furnace unit to align the quartz boat
with the glass stoppered sample port. Remove the cup with fluxed sample. Repeat
steps 15 through 19 until all of the samples, standards, and blanks have been
processed. The average blank value has to be entered into the CA-05 titrator at the
start of each day.
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20. To close down the operation of the entire system perform the following;:

a. Disconnect the gas inlet tube of the electrolytic cell from the gas outlet tube of the
heating unit and immediately attach the ball joint stopper to the inlet tube with the
metal clamp.

b. Turn off the heating unit.

c¢. Turn the stopcock on the drying tube of the electrolytic cell to close the gas exhaust
vent and open the drying tube vent.

d. Turn off the CA-05 titrator.
e. Move the boat into the heating zone.

f. Turn off the main gas valve of the nitrogen cylinder and allow the system to reach
atmospheric pressure.

g. Turn off the diaphragm and shut-off valves of the pressure regulator.

h. Turn the stopcock on the gas inlet of the heating tube to close the connection to the
gas drying manifold.

i. Turn off the hood.

Moisture or nonessential water (H,O-) is determined by weight loss after heating the
sample at 110°C. Weigh 1 g sample into porcelain crucibles. Heat the crucibles in an oven
set at 110°C. After 4 hours take the crucibles out of the oven. Cool samples in a dissector.
Weigh samples again. The difference in weight is the loss of moisture.

Discussion of procedure

1. A discussion of each step in the procedure is given below to familiarize the analyst
with the details of the operations and the safety precautions to be followed. Metal
springs are used to secure the adapter joint in place and to prevent leaks. It is
important that the hole in the adapter joint not be aligned with the hole in the heating
tube. If the holes are aligned, nitrogen gas will escape through these ports. Loss of gas
pressure at this point prevents gas from flowing through the anode solution contained
in the electrolytic cell. To prevent grease from entering the heating tube, the ground
glass joints of the adapter and the glass rod are not lubricated. Precision fit of these
joints and a positive pressure of gas inside the heating tube prevents moisture laden
atmosphere from entering the tube in any significant amount. When replacing the
glass rod, insert the hook on the end of the rod into the ring of the boat to control its
movement in and out of the heating zone of the furnace.

2. Reagents solutions and the Check Solution contain components that are injurious to
health and must be handled according to recognized safety practices. To prevent
inhalation of these harmful constituents the operation is carried out under an
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operating chemical exhaust hood. The composition of the volatile reagents contained
in the solutions are given below.

Component Anode solution Cathode solution Check solution
Aquamicron A Aquamicron C

Chloroform 34 - -

Carbon tetrachloride 3 26 -

Methanol 22 35 99b

Pyridine -4 -4 -

Sulfur dioxide -2 - -

Apercentage composition not disclosed
minimum value

3. Standard safety practices are followed for handling gas cylinders under high pressure.
It is required that the cylinder be secured to the bench at all times.

4. Incorrect setting of these three-way stopcocks can be avoided by following the
instructions below for operating and closing down the furnace.

Unit System Arrow Gas flow
Furnace Operational Forward Through heating tube
Furnace Closed down Up Drying train closed

5.  With the furnace temperature control set to 900°C and its reset dial control set to +5,
the temperature of the central zone of the heating tube will control at 900°+10°C.
Furnace temperature calibration should be checked periodically with a potentiometer
using a chromel-alumel thermocouple to confirm that the proper temperatures are
being maintained.

6. There are eight joints to check for proper lubrication in each of the electrolytic cells.
These are identified as the drain stopcock, check solution port, inlet tube, detection
electrode, cathode cell assembly with its drying tube, and the anode cell drying tube
with its stopcock. Wearing disposable plastic gloves, remove defective joints, wipe
with a tissue, and regrease. Avoid eye contact with grease as it is an eye irritant, and
may have absorbed some of the reagent solution from the electrolytic cell. Used
tissues are placed in a regular chemical hood until the vapors have evaporated before
disposing of them in the trash container. The drain stopcock cannot be cleaned and
regreased when the electrolytic cell contains the reagent solutions. It is cleaned and
regreased when the spent reagent solutions are removed from the cell.
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7.

10.

11.

The fresh silica gel desiccant is the indicating type which is blue. It turns pink when
exhausted. The spent material is stored in a waste jar with a tight cover in a regular
hood and later disposed of through the services of a waste disposal company. Use a
plastic funnel to facilitate refilling of the drying tubes. When the drying capacity of the
silica gel has been exhausted, moisture enters both cells and is absorbed on the glass
surfaces as well as in the reagent solutions. This results in high and unstable blank
values and a resultant decrease in accuracy and precision. The silica gel desiccant in
the gas drying mainfolds of the heating units should also be checked and replenished
when exhausted. Since the prepurified nitrogen has a low water content, it is not
required to change the desiccant frequently.

Using disposable plastic gloves, remove the drying tube for the anode compartment,
wipe the ground glass joint of the tube with a tissue, and leave it on the bench with
the gas exit tube attached. Stopper the hole in the anode compartment with a cork
stopper covered with Parafilm. Remove the electrode pin contacts from the magnetic
stirrer stand and transfer the electrolytic cell to a regular chemical hood. Use a plastic
funnel to add 5 mL of the cathode solution (Aquamicron C) to the cathode
compartment. Introduce anode solution (Aquamicron A) to the anode compartment
filling it to the level of the solution in the cathode compartment. The ground glass
joints are conveniently cleaned with a tissue and regreased at this time. Replace the
electrolytic cell on the Fiberfrax insulating mat on the magnetic stirrer stand and
attach the electrode pin contacts. The electrode wire from the cathode compartment
contains both the cathode and anode wire connections and must be attached to the pin
contact labeled “Titr.” on the magnetic stirrer stand. The electrode wire from the
detector electrode must be attached to the pin contact labeled “Det.” on the magnetic
stirrer stand. Remove the cork stopper from the anode compartment, clean the port
with a tissue, regrease the joint, and replace the drying tube with the gas exit tube
attached.

Maintain a setting of 5 on the rheostat control of the magnetic stirrer. A higher setting
of the control can result in breakage of the cathode cell, the detection electrode, and
the gas inlet tube. Turning on the power and start switches before the magnetic stirrer
switch results in the generation of iodine in the cathode reagent solution and a
corresponding negative voltage of the cell.

A negative voltage indicates that some iodine has been formed. The Check Solution
contains water which reacts quantitatively with iodine according to the Karl Fischer
reaction, and when in excess results in a positive voltage.

The end point is indicated automatically by the digital display of micrograms of water
and a buzzer. The detector electrode measures voltage which is proportioned to the
amount of excess water in the electrolytic cell at any instant during the time of the
titration. The titrant iodine is generated at the platinum anode located just below and
attached to the cathode compartment. Iodine is generated at a rate controlled
electronically in proportion to the amount of water present at any instant. The
maximum rate of electrolysis for this circuit is 300 mA, reducing to lower rates as the
end point is approached. The titrant iodine is generated in direct proportion to the
quantity of electricity according to Faraday's Law for the half reaction, 2I- + 2e—I,. In
the Karl Fischer reaction, 1 mole of iodine reacts with 1 mole of water, and 1
milligram of water is the equivalent of 10.71 coulombs. These are the relationships on
which the internal electronic calibration of the instrument is based.
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12.

13.

If a low background (<0.1 pg/s) is not reached within 5 minutes, it indicates spent
reagents or leaks in the system. In the case of spent reagents, replace the reagent
solutions following the guidelines in step 8 of this section, with the following
exceptions. Turn off the magnetic stirrer, start, and power switches. Drain all of the
anode solution into a glass beaker through the draincock and remove all of the
cathode solution using a plastic tube with rubber suction bulb. The drain stopcocks
can be cleaned with a tissue and regreased at this time. Using a plastic funnel
introduce 10 mL of the cathode solution (Aquamicron C) into the cathode
compartment. Then introduce enough of the anode solution (Aquamicron A) into the
anode compartment to fill it to the level of the solution in the cathode compartment.
Continue with step 8 of this section replacing the electrolytic cell on the magnetic
stirrer and proceeding again through steps 9-11 in the section titled Procedure.

Absolute ethyl alcohol contained in a plastic wash bottle is used for rinsing the plastic
funnel and the plastic suction tube. The empty ampoules that contained Aquamicron
C reagent solution are also rinsed with this solvent. Spent reagent and rinsing solvent
are stored in tightly stoppered heavy glass bottles. Large amounts are stored in the
chemical storage facility for organic solvents prior to their submittal to a hazardous
waste disposal company.

The capacity of 10 mL of Aquamicron C and 150 mL of Aquamicron A reagent
solutions is reported to be approximately 1.5 g of water. The reagent solutions should
serve for the titration of 1,000 samples averaging 1,500 pL water content each. In
actual practice the loss of reagent solution out of the vent and the mixing of the two
reagent solutions through pressure differentials in the anode and cathodes
compartments result in more frequent changing of the solutions than the theoretical
capacity implies.

Failure to correctly turn the three-way stopcocks for the electrolytic cells results in
destroying the capacity of the silica gel in the drying tubes. It also can result in the
removal of volatiles from the anode reagent solution at a position directly over the
electrolytic cells instead of into the duct of the hood.

A small amount of lubricant is used on the joints connecting the inlet tubes of the
electrolytic cells to the outlet heating tubes.

The procedure is for routine analysis using a 50 + 0.5 mg sample and 300 + 20 mg flux
which are weighed successively into the Pyrex sample cups. Sample weight can be
varied from 20 to 100 mg depending on a number of factors. The lower the percentage
of moisture and combined water in the samples, and the smaller the sample weight,
the less time is required for the titration. The greater the percentage of water in the
samples, and the larger the sample weight, the more time is required for the titration.
Sample and flux are weighed, and water determined soon after opening the sample
container. The sample is not allowed to remain in the open atmosphere nor is it stored
in a desiccator. Either one of these alternatives could lead to a change in the water
content from that of the original sample in its container. The flux is relatively free of
moisture and remains anhydrous if stored in a desiccator. It is not hygroscopic and
can be exposed for fairly long times in a relatively dry laboratory atmosphere without
absorbing appreciable moisture. While the determination of a blank on the flux is used
to correct for this contingency, the flux is kept in a closed storage weighing bottle
between weightings, and only enough flux for 1 day's run is used in the weighing
bottle.
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14.

15.

16.

17.

In this procedure flux is added to all samples prior to the determinations of total
water. The purpose of the flux is to release total water quantitatively from certain
types of samples (biotites, hornblende's, micas, etc.). Although many types of samples
do not require flux for determination of total water, flux is added to all samples for
convenience.

The sample containers are constructed of 11-mm od Pyrex tubing of standard wall
thickness. One end of the tube is sealed flat and the other end cut off with a silicon
carbide saw to result in a sample cup 11-mm od and 11-mm height. The cups are
deformed by melting during the determination of combined water. The cup with the
fluxed sample is stored in metal cans prior to their submittal to a hazardous waste
disposal company.

Any rigid metal rod can be used for mixing the sample and flux. A glass rod may
present a problem in electrostatic attraction of sample particles.

All parts of the furnace heating tube are constructed of quartz. A quartz boat with
Fiberfrax liner is used for containing the Pyrex sample cups with their contents. The
quartz boat supplied by Mitsubishi is constructed from 24-mm od quartz tubing with
a 2-mm wall thickness, and a ring at one end to attach to the hook of the quartz rod
for transferring the boat into and out of the heating zone. The boat is 55-mm in length,
24-mm in width and 15-mm in height. Fiberfrax is a Union Carbide product used as
insulator material to replace asbestos.

The liner is made from 1/32-in Fiberfrax paper cut to dimensions of 26-mm width and
55-mm length, and prefired 2 hours at 1100°C. Liners are stored in a desiccator.

Differential heating of the quartz rod and adapter joint, and deposits formed on the
rod, may cause a vibration which results in the sample cup moving out of its proper
position in the center of the boat as it is transferred into the heating tube. To prevent
the sample cup from moving out of position, a second liner with a 13-mm hole cut in
its center, can be used. The hole in the top liner maintains the cup in its proper
position.

Since the position of the boat in the furnace can be seen only when the furnace is open,
a pencil mark is made on the ground glass surface of the quartz rod near the adapter
joint to serve as a guide to position the boat in the center of the furnace.

Evolution of total water usually commences within 40 s and is complete within 5 to 10
min depending on the sample type, combined water content, and size of the sample.
Determinations of total water in the flux (blank), and in samples containing less than
0.5 percent total water are usually complete within 6 min.

Itis imperative from a safety viewpoint to follow these instructions explicitly in the
sequence outlined. If the nitrogen gas flow were inadvertently stopped while the
heating tube was cooling, and while it was still connected to the electrolytic cell, the
resultant negative pressure could draw the cathode solution up into the heating zone.
A serious explosion and fire could occur with the escape of toxic fumes. This
procedure for closing down the system eliminates this hazard by opening the heating
tube to atmospheric pressure and immediately closing the electrolytic cell by
stoppering the gas inlet tube to the cell before the furnace is turned off and the flow of
nitrogen is stopped.
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To temporarily place the system on standby during working hours while the
instrument is unattended, reduce the gas flow to 50 mL/min, and follow the close-
down procedure under steps a, ¢, d, and e. To commence operations increase the gas
flow to 100 mL/min, and restore the parameters changed under a, c, and d in the
temporary shut-down.

If the operation of the equipment is suspended for 1 week, the reagent solutions can
be maintained relatively free of moisture by changing the silica gel in the drying tubes
when it is indicated that the drying agent is exhausted. If it is planned to suspend
operations for longer than 1 week, drain the reagent solutions by following the
instructions in step 11 of the section titled Discussion of Procedure. Rinse all parts of the
electrolytic cell with anhydrous ethyl alcohol, then with acetone, allow to dry and
store the parts. After a 1-week period excessive hydrogen evolution from the cathode
may be observed with the solution turning reddish brown. This is generally associated
with an increase in the blank, an increase in the time required for the determination,
and a reduced accuracy and precisions.

Calculation

The general equation for the calculation of the percentage composition of H,O- is shown
below:

wt of water released from heating the sample (g)
sample wt ()

% H20- = %100

The percent total water is calculated and printed out by the MCI-CA-05 titrator, taking
into consideration the average daily method blank value and the weights. The percent
H7O+ is calculated as the difference between the percent total water and the percent HyO-.

Assignment of uncertainty

Table 16 shows the analytical results for reference materials, duplicate samples, and
method blanks by coulometric titration. Accuracy may vary for moisture determinations
as samples absorb variable amounts of water.

Table 16.—Analytical performance summary for moisture and essential water
(percent)

[Proposed values from Potts and others, 1992]

Reference Description n Mean s pv % RSD % R

Moisture, H,0"

BIR-1 basalt 9 007  0.02 0.077? 28 97
STM-1 syenite 10 0.17  0.04 0.19 20 91
GXR-3 hot spring deposit 10 24 0.2 28 8 86

Essential water, H,0*

BIR-1 basait 10 0.14 0.04 0.10? 25 144
STM-1 syenite 46 1.50 0.05 1.50 3 100
GXR-3 hot spring deposit 10 5.0 03 481 6 105
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Table 16.—Analytical performance summary for moisture and essential water

(percent)—Continued
Duplicate samples k n Mean s % RSD  Concentrationrange  Noof< Noof<
(total) (pairs)
Essential water 77 2 368 0.05 1 0.10 to 172 0 0
Method blank n Mean s 3s 5s
Total water 28 0.09 0.01 003 005
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Forty elements by inductively coupled plasma-atomic emission
spectrometry

By Paul H. Briggs

Code: EO11 Accepted: 10/6/93
Principle

Forty major, minor, and trace elements are determined in geological materials by
inductively coupled plasma-atomic emission spectrometry (ICP-AES). The sample is
decomposed using a mixture of hydrochloric, nitric, perchloric, and hydrofluoric acids at
low temperature (Crock and others, 1983). The digested sample is aspirated into the ICP-
AES discharge where the elemental emission signal is measured simultaneously for the
forty elements. Calibration is performed by standardizing with digested rock reference
materials and a series of multi-element solution standards (Lichte and others, 1987).

Interferences

ICP-AES interferences may result from spectral interferences, background shifts, and
matrix effects (Thompson and Walsh, 1983). Interelement correction factors and
background corrections are applied using the proprietary data system software (Thermo
Jarrell Ash, 1988 or Perkin-Elmer, 1993). Approximately 220 (100 for the Perkin-Elmer)
spectral interference corrections are being made on each sample. Further corrections are
made when an element influences other elements beyond the “normal correction.” It is
common to not report an effected element due to the extraordinary interference of the
affecting element. Matrix effects can generally be negated by proper matching of standard
and sample matrices.

Sample decomposition using this multi-acid digestion technique is suited to dissolve
certain rock types, soils, and sediments. As with any technique there are going to be
exceptions. The method does not fully dissolve refractory or resistant minerals and some
secondary minerals. Examples of incomplete digestion are as follows: Ba in barite, Cr in
chromite, Ti in rutile, Sn in cassiterite, Al in corundum, and rare earth elements in a
monazite. Samples that contain elements in high concentrations where normally the
element is a trace constituent or beyond the linear working range will have to be diluted
(i.e.,, Mg in a dolomite, Pb in a galena, Zn in a sphalerite, Cu in a chalcopyrite). This
dilution increases the lower reporting limits.

Scope

Analysis by ICP-AES for major, minor, and trace elements is useful for a variety of
geochemical investigations. The lower and upper reporting limits used for this method are
shown in table 17. Approximately 150 samples can be analyzed daily by the ICP-AES
instrumentation.



Table 17.—Reporting limits for 40 elements by ICP-AES

Element Concentration range Element Concentration range
Aluminum, Al 0.005 50 % Gallium, Ga 4 50,000 ppm
Calcium, Ca 0.005 50 % Holmium, Ho 4 5,000 ppm
Iron, Fe 0.02 25% Lanthanum, La 2 50,000 ppm
Potassium, K 0.01 50 % Lithium, Ui 2 50,000 ppm
Magnesium, Mg 0.005 5% Manganese, Mn 4 50,000 ppm
Sodium, Na 0.006 50 % Molybdenum, Mo 2 50,000 ppm
Phosphorous, P 0.005 50 % Niobium, Nb 4 50,000 ppm
Titanium, Ti 0.005 25 % Neodymium, Nd 9 50,000 ppm
Silver, Ag 2 10,000 ppm Nickel, Ni 3 50,000 ppm
Arsenic, As 10 50,000 ppm Lead, Pb 4 50,000 ppm
Gold, Au 8 50,000 ppm Scandium, Sc 2 50,000 ppm
Barium, Ba 1 35,000 ppm Tin, Sn 5 50,000 ppm
Beryllium, Be 1 5,000 ppm Strontium, Sr 2 15,000 ppm
Bismuth, Bi 10 50,000 ppm Tantalum, Ta 40 50,000 ppm
Cadmium, Cd 2 25,000 ppm Thorium, Th 6 50,000 ppm
Cerium, Ce 5 50,000 ppm Uranium, U 100 100,000 ppm
Cobalt, Co 2 25,000 ppm Vanadium, V 2 30,000 ppm
Chromium, Cr 2 50,000 ppm Yttrium, Y 2 25,000 ppm
Copper, Cu 2 15,000 ppm Ytterbium, Yb 1 5,000 ppm
Europium, Eu 2 5,000 ppm Zinc, Zn 2 15,000 ppm

Apparatus
[ ]

Thermo Jarrell Ash, Model 1160 Plasma Atomcomp simultaneous ICP-AES or
Perkin Elmer Optima 3000 simultaneous ICP-AES

Hot plate with 50-position aluminum heating block

30-mL Teflon vessels with caps (Savillex)

Acid dispensers (Labindustries)

Repeating pipet (Eppendorf)

Drying oven setat 95°C

13x100 mm disposable polypropylene test tubes with caps

Reagents
Hydrochloric acid, HCI reagent grade, 37 percent
Nitric acid, HNO; reagent grade, 70 percent
Hydrofluoric acid, HF reagent grade, 48 percent
Perchloric acid, HCIO, reagent grade, 70 percent
Deionized water (DI)

One percent nitric acid solution: 10 mL 70 percent conc HNO; diluted in 1000 mL DI water

Aqua regia: three parts conc HCI and one part conc HNO;; solution is not stable and must
be prepared immediately before use

Lutetium internal standard (Lu): 500 pg Lu/mL, as Lu,O; in 5 percent (v/v) HCl
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Safety precautions

All laboratory personnel are required to wear safety glasses, rubber gloves, and lab coats
when working in the laboratory. All sample digestions must be performed in a perchloric
acid hood; the latter is washed down after each day’s use. Refer to the CHP and MSDS for
specific precautions, effects of overexposure, disposal, and first-aid treatment, for reagents
used in the digestion procedure and operating the ICP-AES instrumentation. Calcium
gluconate gel should be available in labs where HF is in use.

Procedure

Digestion of samples
1. Weigh 0.200 g sample into Teflon vessel.

2. Add 100 pL Lu internal standard to each vessel with repeating pipet.
3. Rinse side walls of Teflon vessel with a minimum amount of DI water.
4. In the fume hood, slowly add 3 mL HCl and allow any reaction to subside.

5. Add 2 mL. HNO;, 1 mL HCIO,, and 2 mL HF. Place sample solution vessel on hot
plate with aluminum heat block at a controlled temperature of 110°C in a perchloric
acid fume hood.

6. Evaporate sample solution to hard dryness on hot plate (usually overnight).
7. Remove from hot plate, cool to touch and add 1 mL HCIO, and 2 to 3 mL DI water.

8. Return to hot plate and evaporate to hard dryness. The temperature of the hot plate is
increased to 160°C. This step usually takes a few hours.

9. Remove dried sample from hot plate and cool.
10. Add 1.0 mL aqua regia with repeating pipet and let react for 15 min.

11. Add 9.0 mL 1 percent HNO; and thread screw cap tightly on vessel. Place vessel in
drying oven for 1 hour at a controlled temperature of 95°C.

12. Remove sample solution and cool. Transfer solution into labeled disposable
polypropylene test tube and cap with test tube cap.

13. Analyze sample solution by ICP-AES.
ICP-AES analysis

The ICP-AES instrument is calibrated at the start of each day using established geological
reference materials (USGS basalt BHVO-1 and Canadian Certified Reference Materials
Project syenite SY-3) and four multi-element solutions; nine solutions for the Perkin-Elmer
(Lichte and others, 1987). The major and trace elements are determined by comparing the
element intensities obtained from the standards to those obtained from the samples. There
are three method preparation blanks digested with each sample set. A blank subtraction is
performed to negate the effect of the reagents.
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Table 18 shows instrumental operating conditions and element wavelengths for this
method.

Table 18.—Operating conditions for determination of 40 elements by ICP-AES

[Wavelengths are common to both instruments except those in parentheses which are unique to the
Perkin-Elmer instrument}

Thermo Jarrell ash instrument Perkin-Elmer instrument
RF power to the torch.................... 1250 W 1100 W
Plasma argon flow rate,
nebulizer argon flow .................... 18 L/min coolant, 0.5 L/min sample 15 L/min, 1.2 Umin
Sample pump rate ... 0.7 mL/min 0.75 mL/min
Observation height above
load €oil .......coeiviiiirnn 14.5 mm 15 mm
Equilabration time...........cccccee...... i5s i5s
Reciprocal linear dispersion........... 0.54 mm/mm e
Nebulizer .........c..ccccoovvrvnvrnnnecnns Modified Babington crossflow
OPLICS ..o 1.3 magnification atentrance slit -
SlitS ..o 25 um x 33 mm, entrance N
50 pm x 33 mm, exit
Element Wavelength, nm Element Wavelength, nm

Ag 328.0 Mg 285.2 (279.0)

Al 309.2 Mn 257.6

As 189.0 Mo 202.0

Au 2427 Na 588.9

4554 Nb 309.4
3130 Nd 4303

Bi 2230 Ni 2316

Ca 3179 P 2136

Cd 2265 Pb 2203

Ce 418.6 (413.7) Sc 4246

Co 2286 Sn 189.9

Cr 267.7 Sr 421.5

Cu 3247 Ta 240.0

Eu 381.9 Th 4019

Fe 271.4 (273.9) Ti 3349

Ga 2943 u 409.0

Ho 3456 \ 2024

K 766.4 Y 321.6 (371.0)

La 208.8 (408.6) Yb 3289

Li 670.7 Zn 2138
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Most elements in each sample data set are normalized (i.e. standardized) using well
defined in-house reference materials (RM) that have undergone the sample digestion
process. The normalized sample set is quality control checked by an independent,
established RM that has undergone the sample digestion process also. The RM QC check is
accepted if the recovery is within the upper and lower control limits of three times the
standard deviation of the certified value, if the concentrations of the elements are >10
times the lower reporting limit. If the standardization is not accepted the sample set and
in-house standards are redigested and reanalyzed.

Calculation
Element concentration = IRU/IRS x CONSTD x WT SOLN/WT SAMPLE +IEC

where

IRU = intensity of element/intensity of Lu

IRS = intensity of calibration standard /intensity of Lu
CONSTD = conc of calibration standard

WT SOLN = weight of final solution

WT SAMPLE = weight of sample

IEC = interelement corrections

Assignment of Uncertainty

The analytical results for the selected reference materials, duplicate samples, and method
blanks are summarized in table 19. Please note: Some pv data has been converted from the
oxide using the conversion factors in appendix A, table Al.

Table 19.—Analytical performance summary for 40 elements by ICP-AES

[A=National Institute of Standards and Technology, 1992; B=National Bureau of Standards, 1979;
C=Govindaraju, 1989; remaining pv from Potts and others, 1992; in-house laboratory data from the
Thermo Jarrell Ash instrument]

Reference Description n Mean s pv %RSD %R

Aluminum, Al (percent)

IF-G iron formation 10 0.08 0.01 0.079 13 97
GSD-12 stream sediment 68 47 0.1 4.92 2 95
SRM 2711 soil 7 65 0.3 653 Acv 5 99
RGM-1 rhyolite 10 7.2 0.1 7.26 1 98
GSD-6 stream sediment 20 75 0.2 7.49 3 100
SRM 278 obsidian 9 7.78 0.08 7.49 cv 1 104
SRM 688 basalt 9 9.04 0.05 9.19 cv 06 98
MA-N granite 10 83 05 9.32 6 89
DNC-1 diabase 10 99 0.2 9.68 2 103
FK-N K-feldspar 10 94 0.1 9.85 1 95
SRM 1633a  coal fly-ash 10 134 0.5 1430 Bcev 4 94
GXR-2 soil 114 6.6 0.3 16.46 5 40
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Table 19.—Analytical performance summary for 40 elements by
ICP-AES—Continued

Reference Description n Mean s pv % RSD % R

Arsenic, As (ppm)

MA-N granite 10 17 8 13 46 131
SRM 2711 soil 7 94 7 105 A 8 90
SRM 1633a  coal fly-ash 10 141 10 145 B 7 97

Barium, Ba (ppm)

MA-N granite 10 40 2 42 5 95
SRM 688 basalt 9 178 2 200 1 89
FK-N K-feldspar 10 195 5 200 3 98
GSD-12 stream sediment 68 193 7 206 3 94
GSD-6 stream sediment 20 310 11 330 4 94
SRM 2711 soil 7 709 13 726 Acv 2 98
RGM-1 rhyolite 10 827 22 807 3 102
SRM 278 obsidian 9 928 9 1,100 1 84
SRM 1633a  coal fly-ash 10 1310 74 1,500 B 6 87
GXR-2 soil 114 2,120 80 2,240 4 95
Berylllum, Be (ppm)

DNC-1 diabase 10 <1 - 1 ? - ---
GXR-2 soil 114 20 0.2 1.7 10 118
GSD-6 stream sediment 20 2 0 1.7 0 118
SRM 278 obsidian 9 24 0.1 2 ? 4 120
RGM-1 rhyolite 10 2 0 237 0

IF-G iron formation 10 4 0 47 0 85
GSD-12 stream sediment 68 6.8 04 82 6

SRM 1633a  coal fly-ash 10 12 1 12 B 8 100
MA-N granite 10 341 23 280 7 122
Bismuth, BI (ppm)

GSD-12 stream sediment 68 10 1 109 14 94
Cadmium, Cd (ppm)

MA-N granite 7 2 0 2 (o] 100
GSD-12 stream sediment 68 38 03 4 8 95
GXR-2 soil 114 34 0.5 41 15 83
SRM 2711 soil 7 38 2 447 Acv 5 o
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Table 19.—Analytical performance summary for 40 elements by
ICP-AES—Continued

Reference Description n Mean s pv % RSD % R

Calcium, Ca (percent)

FK-N K-feldspar 10 0.076 0.005 0.079 7 96
MA-N granite 10 0.51 0.03 0.42 6 121
SRM 278 obsidian 9 0.72 0.01 0.70 cv 1 103
RGM-1 rhyolite 10 09 0.2 0.82 22 110
GSD-12 stream sediment 98 0.85 0.03 0.83 4 102
GXR-2 soil 114 0.91 0.02 093 2 98
SRM 1633a  coal fly-ash 10 11 (] 111 Bev O 99
IF-G iron formation 10 1.1 (4] 1.11 0 99
GSD-6 stream sediment 20 28 0.1 2.76 4 102
SRM 2711 soil 7 292 0.08 288 Acv 3 101
DNC-1 diabase 10 79 0.2 8.05 2 98
SRM 688 basalt 9 8.82 0.02 8.70 ? 02 101
Cerium, Ce (ppm)

DNC-1 diabase 10 8.2 09 10.6 11 77
SRM 688 basalt 9 11.3 04 13 4 87
RGM-1 rhyolite 10 47 2 47 3 99
GXR-2 soil 114 51 2 514 4 99
SRM 278 obsidian 9 61 1 60 2 102
GSD-12 stream sediment 68 54 4 61 8 89
GSD-6 stream sediment 20 64 2 68 3 94
SRM 2711 soil 7 72 2 69 A 3 104
SRM 1633a  coal fly-ash 10 152 13 180 B 9 84
Chromium, Cr (ppm)

MA-N granite 10 3 2 3 ? 7 S0
RGM-1 rhyolite 10 25 0.7 37 28 68
FK-N K-feldspar 9 11 03 5 27 22
SRM 278 obsidian 9 5 05 64 10 78
IF-G iron formation 10 3 1 10 ?7 33 30
GSD-12 stream sediment 68 38 3 35 7 109
GXR-2 soil 114 36 3 36 8 101
SRM 2711 soil 7 46 2 47 A 4 98
GSD-6 stream sediment 20 199 12 190 6 105
SRM 1633a  coal fly-ash 10 201 10 196 Bev 5 103
DNC-1 diabase 10 260 25 285 9 1
SRM 688 basalt 9 260 20 332 cv 8 78



Table 19.—Analytical performance summary for 40 elements by

ICP-AES—Continued

Reference Description n Mean s pv % RSD % R
Cobalt, Co (ppm)

RGM-1 rhyolite 10 29 0.3 20 10 145
SRM 278 obsidian 9 2 1 a1 50 95
GXR-2 soil 114 1.1 0.5 8.6 5 129
GSD-12 stream sediment 68 9.0 0.4 88 4 102
SRM 2711 soil 7 10.8 04 10 A 4 108
FK-N K-feldspar 10 17.2 04 16 2 108
GSD-6 stream sediment 20 26 1 244 5 106
IF-G iron formation 10 36 1 29 4 124
SRM 1633a  coal fly-ash 10 46 3 46 B 5 101
SRM 688 basalt 9 47 1 49 2 95
DNC-1 diabase 10 60 2 54.7 3 109
Copper, Cu (ppm)

FK-N K-feldspar 6 <1 2 -
SRM 278 obsidian 9 <5 59 cv - -
RGM-1 rhyolite 10 1 1 116 9 95
IF-G iron formation 10 6 1 13 ? 17 46
GXR-2 soil 114 79 4 76 5 104
DNC-1 diabase 10 104 5 9% 5 108
SRM 688 basalt 9 90 1 9 ? 1 94
SRM 2711 soil 7 115 5 114 Acv 5 101
SRM 1633a  coal fly-ash 10 113 5 118 Bev 4 96
MA-N granite 10 174 8 140 5 124
GSD-6 stream sediment 20 395 15 383 4 103
GSD-12 stream sediment 68 1,240 62 1,230 5 101
Europium, Eu (ppm)

SRM 278 obsidian 9 0.77 0.03 08 4 96
SRM 688 basalt 9 1.01 0.02 1.01 2 100
SRM 2711 soil 7 <2 11 A ---
SRM 1633a  coal fiy-ash 10 3 0 4 B 0 75
Gallium, Ga (ppm)

SRM 278 obsidian 9 22 4 11 18 200
GSD-12 stream sediment 68 138 0.7 14.1 5 98
DNC-1 diabase 10 140 05 15 3 93
RGM-1 rhyolite 10 16 1 15 8 108
SRM 2711 soil 7 16.1 0.7 15 A 4 107
GSD-6 stream sediment 20 1714 0.9 16.7 5 102
SRM 688 basalt 9 17 7 17 41 100
FK-N K-feldspar 10 23.1 0.7 19 3 122
GXR-2 soil 114 18 1 37 7 49
SRM 1633a  coal fly-ash 10 55 2 58 B 3 95
MA-N granite 10 70 4 59 5 119

Gold, Au (ppm)
No reference material data available at this time



Table 19.—Analytical performance summary for 40 elements by
ICP-AES—Continued

Reference Description n Mean s pv % RSD % R

Holmium, Ho (ppm)

SRM 688 basalt 9 0.80 0.05 0.81 6 99
RGM-1 rhyolite 10 <4 --- 0.95 - ---
SRM 278 obsidian 9 15 0.1 1.3 7 115

Iron, Fe (percent)

FK-N K-feldspar 10 0.054 0.007 0063 ? 13 86
MA-N granite 10 0.36 0.02 0.33 6 109
RGM-1 rhyolite 10 1.35 0.05 1.30 4 104
SRM 278 obsidian 9 1.47 0.01 1.43 cv 07 103
GXR-2 soil 114 1.90 0.06 1.86 3 102
SRM 2711 soil 7 287 0.05 289 Acv 2 99
GSD-12 stream sediment 68 3.40 0.08 341 2 100
GSD-6 stream sediment 20 40 0.1 4.1 3 98
DNC-1 diabase 10 6.9 0.2 6.66 3 104
SRM 688 basalt 9 7.34 0.03 7.24 cv 04 101
SRM 1633a  coal fiy-ash 10 93 05 940 Bev 5 99
IF-G iron formation 10 40 1 39.1 2 102
Lanthanum, La (ppm)

DNC-1 diabase 10 4 (4] 38 (4] 105
SRM 688 basalt 9 53 0.1 53 2 100
RGM-1 rhyolite 10 254 05 24.0 2 106
GXR-2 soil 114 27 1 256 4 104
GSD-12 stream sediment 68 29 3 327 9 88
SRM 278 obsidian 9 31 1 33 3 94
GSD-6 stream sediment 20 K} 2 39 5 87
SRM 2711 soil 7 41 2 40 A 4 101
SRM 1633a  coal fiy-ash 10 78 7 84 C 9 93
Lead, Pb (ppm)

DNC-1 diabase 10 <4 6.3 -
IF-G iron formation 6 <8 6.5 --- -
SRM 278 obsidian 9 18 3 16.4 cv 17 110
RGM-1 rhyolite 10 25 1 24 5 103
GSD-6 stream sediment 20 28 3 27 9 105
MA-N granite 10 36 6 29 17 124
SRM 1633a  coal fly-ash 10 60 6 724 Bcev 9 82
FK-N K-feldspar 10 213 12 240 5 89
GSD-12 stream sediment 68 202 22 285 8 102
GXR-2 soil 114 696 57 690 8 101
SRM 2711 soil 7 1,120 102 1,162 Acvr 9 97
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Table 19.—Analytical performance summary for 40 elements by

ICP-AES—Continued

Reference Descniption n Mean s pv % RSD %R
Lithium, Li (ppm)

DNC-1 diabase 10 56 05 5.1 9 110
SRM 688 basalt 9 7 1 7 ? 14 100
FK-N K-feldspar 10 7.3 05 85 7 86
GSD-12 stream sediment 68 40 1 39 3 101
GSD-6 stream sediment 20 43 2 40 5 107
SRM 278 obsidian 9 47 1 47 2 100
GXR-2 soil 114 61 2 54 4 113
RGM-1 rhyolite 10 58 2 57 3 102
SRM 1633a  coal fly-ash 10 195 1 165 Cc 6 118
MA-N granite 10 5,150 381 4,900 7 105
Magnesium, Mg (percent)

FK-N K-feldspar 7 <005 - 0006 ? ---
MA-N granite 10 0.03 0.01 0.02 33 150
SRM 278 obsidian 9 0.14 0.002 0.14 cv 1 100
RGM-1 rhyolite 10 0.18 0.004 0.17 2 106
GSD-12 stream sediment 68 0.25 0.01 0.28 4 89
SRM 1633a  coal fly-ash 10 0.46 0.01 0455B cv 2 101
GXR-2 soil 114 0.82 0.03 0.85 4 96
SRM 2711 soil 7 1.07 0.05 105 Acv 4 102
IF-G iron formation 10 1.22 0.04 1.14 3 107
GSD-6 stream sediment 20 1.80 0.05 1.81 3 99
SRM 688 basalt 9 5.08 0.02 5.07 ? 04 100
DNC-1 diabase 10 52 0.2 6.06 3 86
Manganese, Mn (ppm)

FK-N K-feldspar 10 18 2 39 ? 11 46
SRM 1633a  coal fly-ash 10 170 8 179 Bev 5 95
RGM-1 rhyolite 10 278 19 279 7 100
MA-N granite 10 344 25 310 7 111
IF-G iron formation 10 314 16 325 5 97
SRM 278 obsidian 9 373 3 403 cv 1 93
GSD-6 stream sediment 20 959 23 1,007 2 95
GXR-2 soil 114 1,020 41 1,007 4 101
DNC-1 diabase 10 t,110 32 1,154 3 96
SRM 688 basalt 9 1,240 20 1,293 cv 2 96
GSD-12 stream sediment 68 1,420 41 1,394 3 102
Molybdenum, Mo (ppm)

RGM-1 rhyolite 8 <2 23 ---
SRM 278 obsidian 9 2 1 3 ? 50 67
GSD-6 stream sediment 20 6.0 0.7 77 12 78
GSD-12 stream sediment 68 6.6 09 84 14 79
SRM 1633a  coal fiy-ash 10 29 1 29 B 5 100
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Table 19.—Analytical performance summary for 40 elements by

ICP-AES—Continued

Reference Description n Mean s pv % RSD % R
Neodymium, Nd (ppm)

DNC-1 diabase 10 7 2 49 2 143
SRM 688 basalt 9 104 05 96 5 108
GXR-2 soil 114 22 1 19 ? 7 113
RGM-1 rhyolite 10 20 2 19 10 104
GSD-12 stream sediment 68 23 2 256 8 89
SRM 278 obsidian 9 29 1 29 3 99
SRM 2711 soil 7 31 1 31 A 4 100
GSD-6 stream sediment 20 31 2 33 6 93
SRM 1633a  coal fly-ash 10 75 4 74 (o] 6 101
Nickel, Ni (ppm)

MA-N granite 10 5 1 3 ?7 2 170
FK-N K-feldspar 10 <2 3 -
SRM 278 obsidian 9 4 2 36 cv 50 110
RGM-1 rhyolite 8 <2 44 ? -
GSD-12 stream sediment 68 120 06 128 5 94
SRM 2711 soil 7 194 0.8 206 Acv 4 94
GXR-2 soil 114 17 1 21 6 81
IF-G iron formation 10 22 1 225 ? 7 96
GSD-6 stream sediment 20 75 3 78 3 96
SRM 1633a  coal fly-ash 10 123 5 127 Bev 4 97
SRM 688 basalt 9 143 2 158 1 91
DNC-1 diabase 10 267 7 247 3 108
Niobium, Nb (ppm)

DNC-1 diabase 9 5 1 30 25 170
IF-G iron formation 10 <8 - 4 ? -
SRM 688 basalit 9 5 1 5 20 100
RGM-1 rhyolite 10 8 2 89 21 92
GXR-2 soil 114 7 2 110 21 65
GSD-6 stream sediment 20 6 2 12 ? 36 49
GSD-12 stream sediment 68 8 2 154 22 51
SRM 278 obsidian 9 13 1 16 8 81
MA-N granite 10 84 66 173 79 49
Phosphorus, P (percent)

FK-N K-feldspar 10 0.006 0.001 ooto ? 17 60
SRM 278 obsidian 9 0017 0.001 0016 c¢cv 6 106
RGM-1 rhyolite 10 0.02 0 0.021 0 96
GSD-12 stream sediment 68 0.02 0.002 0.024 10 83
IF-G iron formation 10 0.027 0.005 0.027 19 100
DNC-1 diabase 10 0.03 0 0.037 0 81
SRM 688 basalt 9 0.056 0.002 0058 cv 4 97
GXR-2 soil 114 0.07 0.004 0.06 6 117
SRM 2711 soil 7 0.087 0.005 0086 Acv 6 101
GSD-6 stream sediment 20 0.10 0.006 0.10 6 100
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Table 19.— Analytical performance summary for 40 elements by

ICP-AES—Continued

Reference Description n Mean s pv % RSD % R
Phosphorus (Continued)

SRM 1633a  coal fly-ash 10 0.182 0.006 0.17 C 3 106
MA-N granite 10 0.80 0.03 0.61 4 130
Potassium, K (percent)

SRM 688 basalt 9 0.16 0.003 0.16 cv 2 100
DNC-1 diabase 10 0.22 0.02 0.19 10 116
GXR-2 soil 114 1.35 0.06 1.37 4 98
SRM 1633a  coal fly-ash 10 1.79 0.09 188 Bcv 5 95
GSD-6 stream sediment 20 2.02 0.08 2.02 4 100
GSD-12 stream sediment 68 23 0.1 242 4 95
SRM 2711 soil 7 232 0.08 245 Acv 3 95
MA-N granite 10 30 0.2 2,64 7 115
SRM 278 obsidian 9 334 0.03 3.45 cv 09 97
RGM-1 rhyolite 10 36 0.1 3.57 3 99
FK-N K-feldspar 10 96 0.5 10.63 5 100
Scandium, Sc (ppm)

RGM-1 rhyolite 10 49 03 44 7 111
SRM 278 obsidian 9 6 0.5 5.1 8 118
GSD-12 stream sediment 68 49 03 5.1 6 96
GXR-2 soil 114 6.1 0.3 6.88 5 89
SRM 2711 soil 7 96 05 9 A 5 107
GSD-6 stream sediment 20 16.1 0.7 17 4 95
DNC-1 diabase 10 322 0.8 31.0 2 104
SRM 688 basalt 9 43 1 38 2 114
SRM 1633a  coal fiy-ash 10 37 2 40 B 6 92
Silver, Ag (ppm)

MA-N granite 9 <2 - 2 ? - -—
SRM 2711 soil 7 34 05 463 Acv 15 73
GXR-2 soil 114 19 1 17 5 112
Sodium, Na (percent)

IF-G iron formation 10 0.023 0.007 0.024 30 96
SRM 1633a  coal fly-ash 10 0.18 0.01 017 Bevr 6 106
GSD-12 stream sediment 68 0.31 0.01 0.33 3 94
GXR-2 soil 114 0.57 0.02 0.56 4 102
SRM 2711 soil 7 1.2 0 114 Acv O 105
DNC-1 diabase 10 1.6 0 1.39 0 115
SRM 688 basalt 9 1.63 0.05 1.59 cv 3 102
GSD-6 stream sediment 20 1.8 0.1 1.7 6 104
FK-N K-feldspar 10 1.76 0.05 1.91 3 92
RGM-1 rhyolite 10 29 0.1 3.02 4 97
SRM 278 obsidian 9 344 0.02 3.59 cv 06 96
MA-N granite 10 49 04 4.33 7 113
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Table 19.—Analytical performance summary for 40 elements by

ICP-AES—Continued

Reference Description n Mean s pv % RSD % R
Strontium, Sr (ppm)

IF-G iron formation 10 5 1 3? 21 160
GSD-12 stream sediment 68 237 0.7 244 3 97
FK-N K-feldspar 10 39 1 39 3 100
SRM 278 obsidian 9 60 3 63.5 cv 5 94
MA-N granite 10 85 5 84 6 101
RGM-1 rhyolite 10 107 5 108 5 99
DNC-1 diabase 10 152 4 145 3 105
GXR-2 soil 114 160 6 160 4 100
SRM 688 basalt 9 170 10 169.2 cv 6 100
SRM 2711 soil 7 251 7 2453 Acv 3 102
GSD-6 stream sediment 20 280 8 266 3 105
SRM 1633a  coal fly-ash 10 808 28 830 Bev 3 97
Tantalum, Ta (ppm)

MA-N granite 7 181 116 306 ? 64 59
Thorium, Th (ppm)

GXR-2 soil 114 8 1 88 12 94
GSD-6 stream sediment 20 8.2 09 9.0 11 91
SRM 278 obsidian 9 13 3 124 cv 23 105
SRM 2711 soil 7 13 1 14 A 8 93
RGM-1 rhyolite 10 15 2 15.1 11 99
GSD-12 stream sediment 68 21 1 214 6 97
SRM 1633a  coal fly-ash 10 23 2 247 Bev 9 95
Tin, Sn (ppm)

SRM 1633a  coal fly-ash 10 <5 - 10 C - -
GSD-12 stream sediment 68 21 3 54 14 39
MA-N granite 10 89 52 1,050 59 8
Titanium, Ti (percent)

MA-N granite 10 0.007 0.002 0.006 29 117
IF-G iron formation 10 <01 - 0.008 - -
FK-N K-feldspar 9 <005 - 0.01 ? - -
SRM 278 obsidian 9 0.148 0.001 0147 c¢v 07 100
GSD-12 stream sediment 68 0.13 0.01 0.15 8 87
RGM-1 rhyolite 10 0.17 0.01 0.16 6 106
DNC-1 diabase 10 0.32 0.01 0.29 4 110
GXR-2 soil 114 0.27 0.01 0.30 4 90
SRM 2711 soil 7 0.28 0.02 0306 Acy 7 92
GSD-6 stream sediment 20 0.41 0.02 0.47 5 87
SRM 688 basalt 9 0.74 0.01 0.70 cv 1 106
SRM 1633a  coal fiy-ash 10 0.84 0.05 080 B 6 105
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Table 19.—Analytical performance summary for 40 elements by

ICP-AES—Continued

Reference Description n Mean s pv % RSD % R
Uranium, U (ppm)

SRM 278 obsidian 9 <80 4.58 [
Vanadium, V (ppm)

FK-N K-feldspar 10 <2 - 3 - -
IF-G iron formation 7 <4 -- 4 ? -
MA-N granite 10 <2 46 ? - -
RGM-1 rhyolite 10 11 1 13 9 85
SRM 278 obsidian 9 8 1 15 13 53
GSD-12 stream sediment 68 42 2 466 5 91
GXR-2 soil 114 48 2 52 4 92
SRM 2711 soil 7 78 2 816 Acv 3 9%
GSD-6 stream sediment 20 137 5 142 4 96
DNC-1 diabase 10 152 4 148 3 103
SRM 688 basalt 9 248 1 242 0. 102
SRM 1633a  coal fy-ash 10 284 16 297 Bev 6 9
Ytterbium, Yb (ppm)

DNC-1 diabase 10 2 (o] 2,01 (o] 100
SRM 688 basalt 9 22 0.03 2.05 1 105
RGM-1 rhyolite 10 3 0 26 0 115
SRM 2711 soil 7 26 05 27 A 19 9
SRM 278 obsidian 9 47 0.1 45 2 104
SRM 1633a  coal fly-ash 10 78 04 74 C 5 105
Yitrium, Y (ppm)

IF-G iron formation 10 52 04 9 8 58
GXR-2 soil 114 143 05 17 3 84
DNC-1 diabase 10 16 (1] 18 0 89
GSD-6 stream sediment 20 16 1 20.2 6 81
RGM-1 rhyolite 10 23 1 25 4 92
SRM 2711 soil 7 25 1 25 A 4 100
GSD-12 stream sediment 68 20 1 293 5 68
SRM 1633a  coal fly-ash 10 80 5 82 (o] 6 98
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Table 19.—Analytical performance summary for 40 elements by
ICP-AES—Continued

Reference Description n Mean s pv % RSD % R

Zinc, Zn (ppm)

FK-N K-feldspar 10 8 1 10 ? 13 80

IF-G iron formation 10 19 3 27 ? 16 70
RGM-1 rhyolite 10 33 1 32 3 102

SRM 278 obsidian 9 48 04 54 08 89

SRM 688 basalt 9 79 1 58 1 136
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